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Design of Alcohol Substitution and Higher-Order Superbases with Cyclopropenium Ions 
Eric David Nacsa 
This thesis employs cyclopropenium ions as central design elements in a novel catalytic 
nucleophilic substitution of alcohols and in the preparation and study of a number of extremely 
strong organic bases. 
The first chapter describes the use of diphenylcyclopropenone as a catalyst for the 
substitution of a range of alcohols with sulfonic acids that proceeds with inversion of 
stereochemistry. The other reagents needed are methanesulfonic anhydride and a simple amine 
base. The process relies on the concept of cyclopropenium activation developed by the Lambert 
group. The catalyst is the only material not removed from the product by aqueous workup, and a 
protocol for its conversion into a water-soluble derivative is outlined. A stoichiometric procedure 
for more sterically demanding substrates is also detailed. 
The second chapter outlines the preparation of six new classes of higher-order superbases 
by novel and robust methods. Five members incorporate the cyclopropenimine function, a 
superbase recently introduced by the Lambert group. Systematic structure-basicity relationships 
reveal fundamental electronic properties of guanidines, phosphazenes, and cyclopropenimines. 
Molecular structures show a number of organizational elements that could assist in the design of 
next-generation higher-order superbases. Predictive effects of structure on both stability and 
selectivity between Brønsted basic and nucleophilic behavior are explained. Finally, the first 
direct neutral Brønsted base catalysis of the relatively non-acidic α-aryl ester pronucleophile 
class is described, alluding to the increased number of useful and widely available types of 
starting materials that can be engaged directly by this reaction mode. 
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Cyclopropenone-Catalyzed Substitution of Alcohols with Mesylate Ion 
 
Review of Alcohol Activation 
The nucleophilic substitution of alcohols is one of the most important classes of chemical 
transformations. Direct SN2 reactions of alcohols are not feasible, however, because of the poor 
leaving group ability of the hydroxide ion. Alcohols are ubiquitous chemical entities: they are the 
most frequently encountered functional group in natural products1 and among the most common 
intermediates in the preparation of pharmaceutical compounds2 It is thus unsurprising that 
methods for their activation into better leaving groups are long-established, and are among the 
first topics taught in introductory organic chemistry. The conversion of alcohols into sulfonate 
esters and halides (Scheme 1) for further functionalization remains commonplace, representing 
one in fifty reactions conducted in pharmaceutical settings.2 These methods, however, suffer 
from a number of drawbacks. The conditions they require differ from those needed for 
subsequent manipulations, so an additional synthetic step and the associated reagents, workup, 
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and purification, are needed in comparison to a direct displacement of the alcohol. Furthermore, 
many reactions generate highly acidic byproducts that promote undesired rearrangements or 
decomposition of even modestly sensitive substrates, and when stereochemistry is a concern, can 
lead to a non-specific outcome. Accordingly, the ACS Green Chemistry Institute Pharmaceutical 
Roundtable identified better methods for the activation of alcohols as the second greatest need in 
organic synthesis.2 
Research into alcohol activation strategies has thus continued over the past several 
decades, as detailed in the following discussion, leading to a number of more mild, selective, or 
catalytic alternatives. The stereochemical problems of the dehydrohalogenation reactions in 
Scheme 1 result from the lack of well-behaved intermediates. Reagents such as PBr3 react with 
alcohols to generate activated species that can be substituted non-specifically, and differences 
among whether the first, second, or third bromide group is displaced by the alcohol exist.3,4 
Classical Activation Strategies 
The first significant improvement in this technology, which is still in use today, was first 
reported in 1966 by Downie, Holmes, and Lee,5 and is now known as the Appel reaction6 (Figure 
1). It is a chlorodehydration protocol that proceeds with clean inversion of stereochemistry, 
promoted in the original incarnations by the combination of triphenylphosphine (PPh3) and 
carbon tetrachloride (CCl4). These reagents first generate chlorophosphonium intermediate 1, 
which, upon exposure to an alcohol, forms an equivalent of chloroform and key 
alkoxyphosphonium intermediate 2. Such intermediates are well behaved, especially in 
comparison to those involved in Scheme 1, and, in this case, a clean SN2 event wherein the 
chloride anion displaces triphenylphosphine oxide (Ph3PO) leads to the inverted alkyl chloride. It 




byproducts is a general problem that plagues this and related activation strategies due to its often 
problematic removal and wasteful nature, and (2) the Montreal Protocol has also curbed the use 
of CCl4 to reverse global ozone depletion.7 Such drawbacks will be a familiar theme that modern 
research has attempted to improve on, and a number of modifications to the Appel reaction have 
thus been developed, as explored in a recent review.8  
 
Figure 1. The outcome and mechanism of the Appel reaction. 
The next significant discovery first emerged the following year, in 1967, when 
Mitsunobu reported that PPh3 and diethylazodicarboxylate (DEAD) effect an esterification 
reaction between alcohols and carboxylic acids,9 followed by the report four years later that this 
reaction proceeds with inversion of stereochemistry (Figure 2). 10  This system has had a 
significant impact on organic synthesis for two reasons: (1) the inverted carboxylate esters are 
readily hydrolyzed to provide alcohols which, therefore, provide inverted versions of the starting 
materials, and (2) a variety of sufficiently acidic nucleophiles aside from carboxylic acids 
function interchangeably.11 This reaction proceeds by the PPh3/DEAD adduct (3), referred to as 
the Mitsunobu reagent, activating a hydroxyl functional group by providing access to 








































the alcohol and the nucleophile, and collapse of intermediate 5 by an SN2 process leads to the 
desired product. As with the Appel reaction, significant drawbacks exist, including the need for 
two stoichiometric reagents, the troublesome removal of both stoichiometric byproducts, and the 
toxicity and explosivity of DEAD.12 A number of modifications will be discussed later. 
 
Figure 2. The outcome and mechanism of the Mitsunobu reaction. 
An interesting related process was described by Eschenmoser in 1963,13 prior to the 
initial reports of the Appel or Mitsunobu reactions, wherein acetals of dimethylformamide 
(DMF), typically accessed from the dimethyl or diethyl acetals of DMF and the substrate 
alcohol, react with carboxylic acids to provide the corresponding esters.14 As with the Mitsunobu 
reaction, these esters are obtained with inversion of stereochemistry, exemplified in the case of 





















































• 2 stoichiometric byproducts
• difficult purification










reaction is limited by the need for two equivalents of alcohol and the harsh thermal conditions 
needed to obtain both the first isolated acetal intermediate as well as the desired ester, but the 
general activation strategy could certainly continue to inspire new reaction modes. 
 
Figure 3. The outcome and mechanism of the Eschenmoser esterification. 
Recent Catalytic Activation Strategies 
The Appel and Mitsunobu reactions provided the basis for selective alcohol activation 
technology over nearly the next 40 years. Since the turn of the century, however, interest in 
innovative approaches to alcohol substitution has renewed. 
As a first example, Williams reported an iridium-catalyzed reaction between alcohols and 
phosphorus ylides that leads to a reduced Wittig product (Figure 4).15 It proceeds by oxidation of 

















































































complex, followed by a Wittig reaction between the aldehyde and the phosphorus ylide to afford 
an alkene. A final reduction of the alkene by the Ir dihydride complex forms the product and 
regenerates the Ir catalyst. The Williams group has more recently (2009) described a Ru-
catalyzed method to enable the union of alcohols and amine nucleophiles.16 A review of this 
general ‘borrowing hydrogen’ strategy, whereby an alcohol starting material is catalytically 
oxidized to an aldehyde, followed by a coupling reaction and ultimately catalytic reduction has 
gained popularity, as highlighted by a recent review.17 An enantioselective reaction between 
racemic alcohols and anilines has recently been developed.18 
 
Figure 4. Net substitution of alcohols by borrowing hydrogen. 
Next, a Lewis-acid catalyzed chlorodehydration using chlorosilanes and benzil was 
[Ir] (5 mol%)
dppp (5 mol%)
Ar OH + EWGPh3P 150 °C
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reported by Baba in 2004 (Figure 5). 19  Secondary and tertiary alcohols are efficiently 
transformed with this methodology. Primary alcohols do not react, allowing for the unique 
outcome depicted where a tertiary alcohol reacts in the presence of a primary alcohol with the 
latter unaffected. A related allylation using an allylsilane reagent was also reported earlier that 
year by the same group.20 Unfortunately, stereochemical information of starting materials is 
usually lost during this reaction. 
 
Figure 5. Chlorodehydration of alcohols by Lewis acid catalysis. 
In 2006, Sanz provided details for the displacement of allylic alcohols by a variety of 
nucleophiles such as indoles, anilines, and alcohols (Figure 6) using simple Brønsted acid 
catalysts (sulfonic acids or their polymer-supported versions).21 Propargylic alcohols are also 
sufficiently activated to undergo these reactions.22 Such processes proceed by SN1 mechanisms, 
which means that allylic, benzylic, or propargylic secondary alcohols are needed and that 
stereochemistry is eroded, but the simplicity of this procedure makes it attractive nonetheless. 
Also depicted are related boronic acid-catalyzed cyclizations of activated alcohols with 
tethered nucleophiles reported more recently by Hall.23 Products such as a piperidine and a 
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Figure 6. The substitution of allylic alcohols by Brønsted acid catalysis. 
One of the most prolific strategies for useful alcohol substitution has been pioneered by 
the Carreira group beginning in 2007 with the report that sulfamic acid displaces secondary 
allylic alcohols to provide direct access to primary amines using (P,olefin)-ligated Ir catalysts.24 
Subsequent work has described enantioselective transformations of racemic alcohol starting 
materials using chiral BINOL-derived ligands. Selected examples of this chemistry are shown in 
Figure 7. Access to highly enantioenriched allylic ethers,25 primary amines,26 polycyclic products 
(via polyene cyclization),27 olefins (with vinylboron nucleophiles)28 and allylic systems (with 
olefin nucleophiles)29 is possible, among others. This group also described an elegant system in 
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derived primary amine to enable dual enamine and Ir catalysis.30 The key feature of this report 
was the ability to generate all of the four possible stereoisomers with exquisite selectivity (≥ 20:1 
dr and > 99% ee for the illustrated reaction) by the appropriate choice of ligand and 
aminocatalyst isomers. The limitation of this technology is that it is currently only effective for 
allylic alcohols, though it represents a significant overall advance. 
 
Figure 7. Carreira’s enantioselective substitution of allylic alcohols by iridium catalysis. 
Several more general catalytic approaches with respect to the alcohol scope have also 
recently been reported. In 2010, Denton described the catalytic Appel reaction shown in Figure 










































































•controlled by ligand enantiomer/
aminocatalyst pseudoenantiomer








Figure 8. Denton’s phosphine oxide-catalyzed Appel reaction. 
(COCl)233 enables an Appel reaction as described in Figure 1 via activated alkoxyphosphonium 
species 2 with the ultimate regeneration of the phosphine oxide catalyst. The phosphine oxide is 
sufficiently nucleophilic to outcompete the alcohol for oxalyl chloride that otherwise would give 
rise to oxalate esters. Oxalyl chloride must be added slowly over extended periods to give the 
phosphine oxide sufficient time to complete its catalytic cycle. A diverse array of primary and 
secondary allylic, benzylic, propargylic, and unactivated alcohols were efficiently transformed to 
alkyl chlorides, and tert-butyl alcohol is even a viable substrate. Enantioenriched alcohols 
reacted with clean inversion of stereochemistry. Adding LiBr to the reaction gives alkyl 
bromides. This process can also be performed with polymer-supported phosphine oxides,34 and 




















































been reported, along with a dehydration of oximes to form nitriles.37 
Rutjes reported a different approach to a catalytic Appel reaction in 2011 (Figure 9).38 
Here, cyclic phosphine 14 is oxidized by 2-bromodiethylmalonate to give bromophosphonium 
salt 15, which then generates alkoxyphosphonium species 16 upon reaction with an alcohol. Its 
SN2 reaction leads to the desired alkyl bromide and phosphine oxide 17, which is reduced by 
Ph2SiH2 to regenerate the phosphine catalyst. Primary and tertiary alcohols are amenable to this 
reaction, but, curiously, most secondary alcohols react poorly, and therefore the question 
 
 
Figure 9. Rutjes’ phosphine-catalyzed Appel reaction. 

















































Stephenson used photoredox catalysis to enable an Appel reaction (Figure 10). 39 
Mechanistically, initial photoexcitation of a RuII complex promotes the reduction of CBr4 to 
produce a RuIII intermediate and the CBr3 radical. The latter combines with the solvent (DMF) to 
form radical species 18, which is oxidized by the RuIII intermediate to regenerate the photoredox 
catalyst and give activated DMF/CBr4 adduct 19. This intermediate exchanges the 
tribromomethoxy moiety for the alcohol substrate to produce key activated species 20, which 
 
 
Figure 10. Stephenson’s photoredox-catalyzed Appel reaction. 
leads to the alkyl bromide by SN2 displacement of DMF by the bromide ion. The liberated 

























































bromoiminium salt that also generates key intermediate 20 by reacting with an alcohol. Each 
productive photoexcitation of the Ru catalyst therefore enables two bromodehydration events. A 
wide range of primary and secondary alcohols react efficiently in this process. Iododehydration 
is also possible by using iodoform instead of CBr4. While it was demonstrated that a clean SN2 
reaction occurs to form the alkyl bromide, Finkelstein exchange eroded the optical purity of 
enantioenriched products by the time the reaction was complete. 
Recent Stoichiometric Activation Strategies 
In 2012, chemists at Pfizer led by Sutton described a novel synthesis of alkyl aryl ethers 
from alcohols and aryl methanesulfonate (mesylate) esters that proceeds with inversion of 
stereochemistry (Figure 11). It likely functions via an exchange at sulfur promoted by a base to 
generate alkyl mesylate 22, which then alkylates the phenoxide anion. The researchers found this 
system preferable to a Mitsunobu reaction, although a more analogous comparison would be the 
presumably straightforward synthesis of mesylate 22 followed by its reaction with a phenol 
 
 



















































nucleophile under similar conditions as described. Their route does, however, avoid the handling 
of the more toxic alkyl mesylates. 
One notable shortcoming of many of the above-described methods is their inability to 
perform fluorodehydrations. Ritter’s demonstration in 2013 that reagent 23 effects this reaction 
efficiently and with clean inversion of stereochemistry (Figure 12) addressed this gap.40 It 
functions by exchange of a fluoride in 23 with the alcohol and ionization to generate activated 
species 24, and displacement of the urea by a fluoride ion delivers the product. The substrates 
employed in this reaction were more complex than those in most methodology research, 
 
 
Figure 12. Ritter’s fluorodehydration strategy. 
including the natural products morphine, reserpine and oligomycin A. It even allowed the 
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selective reaction of a less hindered secondary alcohol in the presence of other more congested 
ones. A modification has also been made to enable the displacement of alcohols with phenols.41 
A similar approach was developed by Bielawski that uses reagents with the structure 26 
shown in Figure 13.42 Chloride, bromide, and iodide versions of the reagent lead to the 
corresponding halodehydration products. A variety of primary and secondary activated or 
unactivated alcohols are compatible. While inversion predominantly occurs, the optical purity of 
sec-phenethyl chloride obtained from this reaction was significantly reduced in comparison to 
that of the alcohol starting material. 
 
Figure 13. Bielawski’s halodehydration strategy. 
In conlusion, several complementary strategies have been developed since the turn of the 
century to achieve the nucleophilic substitution of alcohols. While the Appel and Mitsunobu 
reactions previously offered the principal strategies to perform this transformation in a more mild 
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operational challenges have driven recent interest in this field.  
A number of important contributions have been made, but there is still significant room 
for progress.43 Among the catalytic modes, the enantioselective methods of Carreira have 
enabled a remarkable number of useful transformations, but are limited to activated allylic 
substrates. The acid-catalyzed methods of Baba, Sanz, and Hall suffer similar limitations. 
William’s borrowing hydrogen strategy usually forms racemic products. Some progress has been 
made towards enantioselective catalysis, but a range of useful products have not yet be prepared. 
Of the Appel reactions described by Denton, Rutjes, and Stephenson, only Denton’s enables 
access to cleanly inverted products, and as of now is only amenable to the preparation of alkyl 
chlorides and bromides. Conversely, the approaches of Sutton, Ritter, and Bielwaski offer more 
efficient reactions of activated and unactivated substrates with clean inversion (for the first two), 
and products beyond simple alkyl chlorides and bromides. These latter methods, however, are 
inherently stoichiometric strategies, and the more generalizable Ritter and Bielawski strategies 
use fairly high molecular weight reagents. 
There is therefore still demand for a catalytic method capable of converting alcohols to 
derivatives beyond alkyl chlorides and bromides with inversion of configuration, and that applies 
to a wide range of alcohols including unactivated substrates. 
Improvements to the Mitsunobu Reaction 
Another relevant area of progress is the modern implementation of the Mitsunobu 
reaction. To address its problems, making modifications to this reaction has become its own 
research topic. Two general approaches have been taken to this end: (1) the modification of the 
phosphine and azodicarboxylate reagents to simplify their removal and improve handling of the 





To the first end, a representative selection of modified phosphines is shown in Figure 14. 
The principal technical problem associated with the standard phosphine, PPh3, is the removal of 
the Ph3PO byproduct, which is typically done by chromatography. Therefore, alternate 
phosphine structures have been developed to simplify the separation of their oxides from the 
desired reaction products. For example, they may contain elements such as basic centers to 
enable extraction of the byproducts into aqueous acid (29 & 30),44,45 an acidic group for 
extraction into aqueous base (31, this reagent also serves as the nucleophile and is removed after 
hydrolysis of the product),46 or labile functionalities that are readily converted into acids 
following the reaction (32 & 33).47,48 Conceptually different approaches have included the 
description of fluorous versions that are easily removed by chromatography on fluorous silica gel 
(34),49 polymer-supported phosphines that can be filtered away (35),50 or reagents that can be 
removed by adding an insoluble polymer after the reaction that binds to the target by chelation or 
covalent bond formation (36 & 37).51,52  
Next, Figure 15 shows a selection of modified azodicarboxylates. The standard reagents 
are DEAD and the related diisopropyl analogue DIAD. Their issues are twofold, as they require 
careful handling because they are toxic and explosive liquids, and removal of the byproducts can 
be tedious. To aid with the first problem, reagents 38,53 39,54 and 4055 are solids that are more 
easily handled, and the excess and byproducts of the former two can also be efficiently 
precipitated for filtration by adding less polar solvents. To simplify purification, 41 and its 
hydrazine are water soluble,56 42 decomposes into isobutylene, CO2, and N2 on treatment with 
trifluoroacetic acid (N2H2 in the case of the hydrazine byproduct),57 43 represents a fluorous 






Figure 14. Phosphines to simplify the purification of Mitsunobu reactions and how they are 
removed. 
filtration,58 and 45 and its hydrazine are rendered insoluble after the reaction by ring-opening 
metathesis polymerization.59 



























































Figure 15. Azodicarboxylates to simplify the purification of Mitsunobu reactions and how they 
improve handling or are removed. 
major component of a more recent update on the Mitsunobu reaction.62 While such alternatives 
may be useful solutions in certain cases, the typically higher costs of these reagents and 
continued material waste suggest that a catalytic version of this reaction or an alternative 
paradigm would represent a more significant overall improvement. 
Some recent success has been made to this end. Toy reported the first catalytic version of 
a Mitsunobu reaction in 2006 (Figure 16).63 The azodicarboxylate component (DEAD) is the 
catalyst, being regenerated using PhI(OAc)2. 64  The mechanism makes explicit that the 
byproducts replacing the otherwise stoichiometrically formed dicarboxyhydrazine are 
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room for improvement, because among the three examples provided, the lactate substrate was 
inverted cleanly, but losses of 14% and 32% in the optical purities of sec-butanol and sec-
phenethyl alcohol, respectively, were observed. 
 
Figure 16. Toy’s azodicarboxylate-catalyzed Mitsunobu reaction. 
Taniguchi described another variation catalytic in the azo component in 2013 (Figure 
17).65 The mechanism is similar to Toy’s process, except that the hydrazine is oxidized by an 
iron(II) phthalocyanine catalyst and air. This work thus represents an improvement on Toy’s 
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version of DEAD, is critical to the outcome. Stereocontrol is also improved, but not perfect, as 
losses in optical purity of 2-15% are typical. 
 
Figure 17. Taniguchi’s iron- and azocarboxylate-catalyzed Mitsunobu reaction. 
Finally, O’Brien patented the reaction shown in Figure 18 in 2010.66 It represents the 
only example of a Mitsunobu reaction that uses catalytic amounts of phosphine. Similarly to 
Rutjes’ catalytic Appel procedure,38 the phosphine oxide is reduced by a silane. The much 



























































































only a single example with a primary alcohol substrate was reported, the degree of stereocontrol 
is unclear. 
 
Figure 18. O’Brien’s phosphine-catalyzed Mitsunobu reaction. 
To conclude, three examples of catalytic Mitsunobu reactions have emerged over the past 
decade. The Taniguchi process especially provides a good alternative, since a catalytic 
combination of modified DEAD and iron catalysts are ultimately oxidized by air. While one 
example of phosphine catalysis exists, limited information and cost issues may limit its impact. 
Despite this encouraging progress, these efforts still only address one of two problematic 
reagents at a time. A phosphine/azodicarboxylate-based system may ultimately prove incapable 



















































destroy each other. Therefore, a catalytic alternative to the Mitsunobu reaction based on an 
alternate activation mode is clearly in high demand. Until one is identified, however, variations 






A consistent element among alcohol activation techniques is the conversion of the poor 
hydroxide leaving group into a good one by covalent attachment of a nucleofugal moiety, 
typically a cationic one that leaves as a neutral molecule. An early hypothesis in the Lambert 
group was that in analogy to traditional activated species such as the alkoxyphosphonium ions 
involved in the Mitsunobu, Appel, and related reactions, alkoxycyclopropenium ions could also 
activate the hydroxyl group towards substitution (Figure 19). This activation mode would offer 
an alternate platform to the established phosphorus-based chemistry described earlier, potentially 
enabling catalytic substitutions of a wide range of alcohols with nucleophiles beyond chloride or 
bromide ions. 
 
Figure 19. Analogy between phosphonium- and cyclopropenium-activated alcohols. 
Cyclopropenium Ions and Cyclopropenones: Background 
Another essential element to the proposed strategy was that a rich literature on 
cyclopropenium ions had already been established beginning over 50 years earlier, offering a 
solid theoretical and practical basis to assist in the development of this chemistry. The first 
cyclopropenium ion, the 1,2,3-triphenyl congener, was prepared in 1957 by Breslow,67,68 and 
represented the first known non-6π aromatic unit. These ions continued to be a subject of interest 
for many years, with Breslow remaining a leading figure in their study. 
Figure 20 highlights some key features of cyclopropenium ions and the related 
















equilibrium with their covalent adducts, even in the presence of competent nucleophiles, because 
the aromaticity of the ionic form stabilizes the molecule. Furthermore, relative ion stabilities, as 
reflected in the position of this equilibrium, can be tuned in a predictable manner by modification 
of the substitution pattern. Such phenomena are key to the proposed alcohol activation strategy. 
Cyclopropenones would be the leaving groups from substitution of the alkoxycyclopropenium 
ions in Figure 19. The first example in this class was diphenylcyclopropenone, first prepared 
independently by Breslow69 and Vol’pin70 in 1959. The charge-separated resonance form that 
reveals the latent aromatic cyclopropenium ion can be used to explain much of its chemistry, 
such as its higher polarity and basicity than unbiased ketones. Many reviews covering 
cyclopropenones have emerged over the years.71-75 
 
Figure 20. Aromatic charge stabilization and its manifestations in cyclopropenium ions and 
cyclopropenones. 
Several specific properties are explained by this charge stabilization. First, the quantity 
pKR+ is a measure of carbocation stability, and is defined as the pK value of the equilibrium 
between the free carbocation in water and its covalent hydroxy adduct (Figure 21). Formation of 
the latter liberates a proton, so measurement of the solution’s pH provides one means to measure 
this quantity. Higher pKR+ values indicate smaller equilibrium constants, i.e., toward the side of 
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some ions. The best comparison to isolate the contribution of aromaticity in a cyclopropenium 
ion stability would be between it and linear propenium ions, although elimination from many 
propenium ions to form dienes complicates this endeavor. The parent cyclopropenium ion’s 
pKR+ value was measured as -7.4,76 while a value of approximately -20 was estimated for the 
parent propenium ion,77 so the aromatic contribution to stability is over 12 orders of magnitude. 
Comparisons between substituted cyclopropenium and methenium ions provide a 
practical sense of their stability as well. As shown, the cyclopropenium ions are between 9 (for 
the triphenyl derivative) and 23 (for trimethyl) orders of magnitude more stable.78-83 The pKR+ 
differences are smallest between the phenyl- and cyclopropyl-substituted cations, even though 
the phenyl substituents are more coplanar with the central ring in the cyclopropenium ions (mean 
torsion angles are 8°, 12°, and 21°; for the trityl ion, 31°, 34°, and 38°).84,85 This trend may be 
explained by the greater π-conjugative stabilization of phenyl and cyclopropyl substituents. The 
cyclopropenium ions are more stable throughout this series, but seem to gain 
 
 
Figure 21. Demonstration of the stability of cyclopropenium ions relative to nonaromatic ions. 
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less in additional stability by the donation of electron density. 
To provide a more thorough analysis of the latter phenomenon, a series of 
cyclopropenium and trityl ions is shown in Figure 22.79 The three aryl substituents of each are 
changed one at a time from phenyl to the more cation-stabilizing p-methoxyphenyl (PMP). For 
each analogous pair between the two series, the cyclopropenium ion is more stable, but their 
relative degrees of stability decrease as more PMP groups are incorporated. 
 
Figure 22. Series of pKR+ values for cyclopropenium and trityl ions. PMP = p-methoxyphenyl. 
This series of data is plotted in Figure 23, with the average Hammett constant of the aryl 
groups as the horizontal axis (stability increases to the left). For both series of compounds, the 
pKR+ vs. Hammett constant relationship is fairly linear, with the sole exception being that in the 
trityl series, the greatest stability increase is in the first change from Ph to PMP. The previously 
mentioned differences between these series is now more explicit: the cyclopropenium ions are 
more inherently stable as reflected by the far greater stabilities of the parent compounds and 
generally throughout the series (Figure 21), but as indicated by their shallower slope, they gain 
less stability from increased electron density than the trityl series. This insulating effect reflects 











































filled, which mitigates the aromatic character of this unit. In isolation, this phenomenon resists 
added electron density. This trend will be explored further in Chapter 2. 
 
Figure 23. Plot of pKR+ vs. average Hammett constant of the aryl para-substituent for 
triarylcyclopropenium ( ) and trityl ( ) ions. PMP = p-methoxyphenyl. 
In terms of cyclopropenones, it is instructive to compare the properties of 
diphenylcyclopropenone (51) to its unbiased ketone analogue, benzophenone. The latent 
aromatic species is over three orders of magnitude more basic,86,87 and its dipole moment is 70% 
greater70,88 than that of the nonaromatic compound. These properties of diphenylcyclopropenone 
are a much better match for Ph3PO,89,90 a compound often implicated in the Appel and 
Mitsunobu reactions that are targeted for improvement. 
A variety of robust preparative methods are known for cyclopropenones despite their 
high ring strain. A few strategies relevant to this work are shown in Scheme 2. For example, 


















y = -4.6x + 2.9 





















y = -9.4x – 6.3 





Figure 24. Data reflecting the high polarity of diphenylcyclopropenone (51). 
a Favorskii/elimination procedure to afford the cyclopropenone in two operations and on large 
scales. 91  This compound is also commercially available. More generally, 
tetrachlorocyclopropene (also commercially available or easily prepared on scale, see Chapter 2, 
Experimental Information) can undergo an electrophilic aromatic substitution reaction with a 
variety of arenes and AlCl3, followed by hydrolysis, to provide many different 
diarylcyclopropenones.92,93 Carbene additions to alkynes provide a complementary option.94 
 















































In light of the preceding characteristics of cyclopropenium ions and cyclopropenones, the 
Lambert group proposed the catalytic platform for the substitution of alcohols shown in Figure 
25. Activation of catalyst 52 would first produce intermediate 53. Ionization then forms 54, 
which should be capable of alkylating an alcohol to give cyclopropenyl ether 55. Re-ionization 
of the latter would generate key activated alkoxycyclopropenium ion 56, ultimately to enable the 
desired SN2 reaction, forming the desired product and regenerating the cyclopropenone catalyst. 
 
 
Figure 25. Mechanism proposed for the cyclopropenone-catalyzed substitution of alcohols. 
The principles of this hypothesis are founded in a number of previously reported 
observations (Scheme 3). With respect to the cyclopropenone activation step, it is well 
established that reagents such as oxalyl chloride efficiently convert cyclopropenones such as 
diphenyl compound 51 to their corresponding dichlorocyclopropenes (Scheme 3a). 95  In a 







































activating agent. The greater polarity and similar basicity of diphenylcyclopropenone compared 
to Ph3PO was encouraging (Figure 24), since the latter is capable of outcompeting alcohols for 
oxalyl chloride in a catalytic role.31,32 
 
Scheme 3. Precedent for the necessary mechanistic events in the proposed cyclopropenone-
catalyzed substitution of alcohols. 
The electrophilic nature of the dichlorocyclopropenes has been demonstrated directly by 
reaction of 57 with arene nucleophiles to produce triarylcyclopropenium ions in the presence of 





































































proceeds via a hydroxycyclopropenium ion, analogous to the required alkoxycyclopropenium 
versions, before deprotonation to give the neutral product (Scheme 3b).69 
Lastly, the SN2 alkylating nature of alkoxycyclopropenium ions (which had then been 
prepared by Meerwein alkylation of cyclopropenones)86 had been observed in two contexts 
(Scheme 3c). First, a mixture of methoxycyclopropenium ion 59 and a cyclopropenone with 
different aryl substituents (60) was shown to transfer the methyl group to 60, establishing an 
observable equilibrium with diphenylcyclopropenone and new methoxycyclopropenium ion 61.97 
Similarly, methoxycyclopropenium ion 59 was observed to methylate carbon nucleophiles as 
shown, with concomitant formation of diphenylcyclopropenone.98 
Based on this broad series of precedents, Lambert group alumnus Dr. Brendan Kelly 
began to pursue the proposed activation strategy. It was first reported in 2009 that 
dichlorocyclopropene 57 is an efficient reagent for the chlorodehydration of alcohols,99 in direct 
analogy to the Appel reaction. A number of critical observations were made in this study (Figure 
26a). First, the reaction proceeds with almost complete inversion of configuration. Second, the 
key postulated alkoxycyclopropenium ions such as 62 were observed by NMR spectroscopy, 
giving credibility to the proposed mechanism. Third, unactivated secondary and even tertiary 
alcohols were compatible substrates. Finally, it was encouraging to the prospect of catalysis that 
diphenylcyclopropenone, used to prepare reagent 57, could be recovered in over 90% yield. 
A catalytic chlorodehydration platform was subsequently developed by Lambert group 
graduate Dr. Christine Vanos in 2011 (Figure 26b).100 Its success required a few modifications to 
the stoichiometric procedure, including the use of more nucleophilic cyclopropenone 63 as the 
catalyst, the addition of oxalyl chloride over 1 h, and control over parameters such as 




method. Activated and unactivated substrates react efficiently, basic pyridines are well-tolerated, 
and stereospecific inversion is observed for every enantioenriched substrate evaluated (Figure 
26c). 
 
Figure 26. Development of the cyclopropenone-catalyzed chlorodehydration of alcohols. 
Beyond Chlorodehydration 
In addition to the chlorodehydration chemistry described above, a series of further 
transformations by the Lambert group have demonstrated that cyclopropenium activation is a 
broadly applicable new reaction mode. First, shown in Scheme 4a, Beckmann rearrangements 
occur efficiently via the cyclopropenium-activated oxime derivative 64.101 Here, the mesityl-
substituted cyclopropenone proved optimal. Catalytic amounts of the cyclopropenone and oxalyl 
chloride can be used by heating the reaction, although this outcome is probably due to a 


























(a) chlorodehydration with dichlorocyclopropenes
(b) catalytic chlorodehydration with cyclopropenones
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hypothesized by others.102 
 
Scheme 4. Additional cyclopropenium-enabled transformations. Mes = 2,4,6-Me3C6H2. 
Nucleophilic acyl substitutions are also possible, allowing the formation of amide bonds 
in good yields (Scheme 4b).103 Acid chlorides are the only observable intermediates before the 
addition of the amine nucleophile, but the different reactivity profiles with and without the 
cyclopropenone suggest that intermediates such as 65 are involved. 





































































of cyclopropenium activation, presumably through intermediates resembling 66.104 The latter 
result drew my attention when I joined the group in 2010 because it uses methanesulfonic 
anhydride (Ms2O) as an activating agent to access alkoxycyclopropenium ion intermediates 
without a chloride counterion. The Lambert group was seeking to develop further 
cyclopropenone-catalyzed reactions that would give products aside from alkyl chlorides and 
bromides – an unmet goal for catalytic alcohol activation as described earlier – but the 
nucleophilic chloride ion inevitably caused alcohol chlorodehydration if any oxalyl 
chloride/cyclopropenone-based activation was employed. This problem was also encountered in 






Development of a Catalytic Substitution of Alcohols with Mesylate Ion 
In light of the above-described results, I sought to evaluate whether the 
cyclopropenone/Ms2O system might provide efficient access to alkoxycyclopropenium ions free 
of nucleophilic chloride counterions. Despite the strong circumstantial evidence previously 
discussed, no attempts to characterize reaction intermediates in the diol cyclodehydration 
reactions were made, so it was unclear whether clean cyclopropenium activation could be 
achieved or to what extent direct reaction between Ms2O and an alcohol might occur. 
The first encouraging experiment I performed to this end is summarized in Scheme 5. 
Treatment of enantiopure (R)-4-phenyl-2-butanol (67) with a slight excess of 
diphenylcyclopropenone and Ms2O in CDCl3 at rt cleanly led to alkoxycyclopropenium mesylate 
68. As anticipated, this ion was stable for extended periods at rt. Addition of Et3N and mild 
heating at 45 °C for 1 h, however, converted the activated species completely into the 
corresponding alkyl mesylate 69, isolated in 92% yield. Critically, the product was also formed 
with inversion of stereochemistry. Furthermore, this result illustrates the activating power of the 
cyclopropenium nucleofuge, since a sulfonate ion, typically employed as an inert ‘spectator’ ion, 
displaces the cyclopropenone in good yield after relatively short reaction times and under mild 
conditions. 
 












CDCl3, rt, 2 h






















The portion of the 1H NMR spectra that contain the chemical shift of the α-oxy proton at 
each stage of this reaction are provided in Figure 27. Mesylates are typically employed as good 
leaving groups, and their electron-withdrawing nature is reflected in their significant downfield 
shifts compared to their parent alcohols. In the case of this substrate, the carbinol proton at δ 3.85 
ppm is moved downfield by δ 1.00 ppm in the sulfonate ester. However, in the corresponding 
alkoxycyclopropenium ion, this chemical shift is at δ 5.72 ppm, another δ 0.87 ppm downfield 
from the sulfonate ester. This highly deshielded proton, bound to the carbon atom that undergoes 
the SN2 reaction described, is consistent with its adjacency to a highly activated cationic moiety 
that enables displacement by a poor nucleophile. It is also in line with observations made by our 
group in related systems.99 
 
Figure 27. 1H NMR spectra of alcohol 67, cyclopropenium activated intermediate 68, and 













δ 3.85 ppm 
not electrophilic 
δ 5.72 ppm 
excellent electrophile 
 





Encouraged by this result, I aimed to develop a catalytic system based on 
cyclopropenium activation that would effect an alcohol substitution with inversion of 
stereochemistry, and would use oxygen nucleophiles (sulfonic acids) instead of halides. Thus, 
the diphenylcyclopropenone catalyst (51) first reacts with Ms2O to form 70. We found 
circumstantial evidence that 51, Ms2O, and 70 are in equilibrium with one another in CDCl3. 
Compound 70 then alkylates an alcohol substrate, and resulting cyclopropenyl ether 71 re-
ionizes to generate alkoxycyclopropenium mesylate 72. Finally, displacement of the 
cyclopropenone nucleofuge regenerates the catalyst and gives the desired alkyl mesylate 73 with 
inversion of configuration. 
 
Scheme 6. Proposed mechanism for the cyclopropenone-catalyzed substitution of alcohols with 
mesylate ion. 
Preliminary studies indicated that amine bases were needed to avoid very long reaction 
times in stoichiometric systems, presumably because the MsOH byproduct from the formation of 















































intermediate 72 is closely situated to the cyclopropenium moiety and reacts more sluggishly. 
Bases, however, also promote a direct sulfonation of alcohols with Ms2O that would proceed 
with retention of configuration (i.e., forming epi-73), which would degrade the enantiopurity of 
the product. Avoiding this undesired path was a paramount concern going forward. 
I initially sought to optimize a stoichiometric procedure because (1) such a protocol could 
be useful in its own right, and (2) it would inform later efforts to identify a viable catalytic 
system by revealing how to avoid undesired retentive sulfonation pathways without the added 
complication of potentially slow catalyst turnover. Thus, with an eye towards developing a 
catalytic system, I explored stoichiometric conditions where, in contrast to the stepwise addition 
used in the preliminary demonstration in Scheme 5, all the reagents were added together, 
including the base. 
Table 1 shows a selection of initial experiments to this end. Reactions using Et3N or even 
hindered i-Pr2NEt as bases led to a slight preference for retention. Improved outcomes were 
achieved by adding the base after an initial induction period or by adding the alcohol by syringe 
pump over 4 h (not shown), but these solutions would not be feasible in a catalytic system. Since 
efficient access to the alkoxycyclopropenium ion, after which clean inversion is obtained, is 
possible without a base, I hypothesized that further alteration of the base could restore the 
selective reaction of the alcohol by this pathway.  
Omitting the base, the desired product was obtained with inversion of stereochemistry, 
albeit still with suboptimal enantiopurity (84% ee), and over an unacceptably long time (48 h). 
By employing additional free mesylate ion (as Et3NMsOH) as the ‘base’ (or viewed alternately, 
a kinetically active source of added nucleophile), a similar outcome was obtained (87% ee), with 




Table 1. Initial efforts to optimize the cyclopropenone-mediated substitution of alcohols 
with mesylate ion. 
 
These results suggested that different bases might lead to improved selectivity, but that a 
stronger one is needed to reduce reaction times. I next reasoned that the necessary liberation of 
the strong and unhindered acid MsOH should remain similarly rapid as long any base is strong 
enough to deprotonate it quantitatively. In contrast, differently hindered bases with comparable 
thermodynamic strengths could more greatly slow retentive mesylation rates since acidic 
intermediates in this process (i.e., the initial alcohol/Ms2O adduct) are relatively congested. To 
gain a more direct understanding of how these bases were affecting the enantiopurity outcomes, I 
examined the relative rates of the undesired reaction of racemic substrate (±)-67 with Ms2O. 
The results of this study are shown in Figure 28, and reveal why early experiments were 
unsuccessful. Apparently, Et3N, and even i-Pr2NEt, normally considered a very hindered base, 
both resulted in quantitative conversion within 5 min. In contrast, more dramatically hindered 
options such as 1,2,2,6,6-pentamethylpiperidine (pempidine), triisobutylamine (i-Bu3N), and 2,6-
di-tert-butylpyridine (2,6-(t-Bu)2py) significantly slowed this unwanted reaction, and could thus 
lead to better selectivity in the cyclopropenone-mediated reaction. There is precedent for bulkier 




















































Figure 28. Relative rates of direct mesylation of alcohol (±)-67 in the presence of selected amine 
bases. (a) pempidine = 1,2,2,6,6-pentamethylpiperidine. 
Stoichiometric optimization studies were thus resumed (Table 2). Gratifyingly, the newly 
identified bases produced much more encouraging results, although pempidine was only 
modestly selective. i-Bu3N gave the best selectivity (81% ee) and was used hereafter. Lowering 
the Ms2O loading improved selectivity to 85% ee, implying that excesses of this reagent affect 
the direct mesylation more dramatically than access to the alkoxycyclopropenium intermediate. 
The optimal temperature was 55 °C (88% ee), and while dilution of the reaction monotonically 
improved selectivity, the extended times (19 h) needed to reach completion at 0.03 M were 
unacceptable, so 0.05 M was chosen as a compromise between reactivity (2 h, 77% yield) and 
selectivity (91 % ee). CHCl3 proved to be the optimal solvent, and different cyclopropenones 

































With this protocol in hand, we had identified the first alternative to the Mitsunobu 
reaction that enables the substitution of alcohols with inversion of stereochemistry using sulfonic 
acids.106-108 Based on the problems associated with this classical reaction, we believe the use of 
only one reagent that is not water-soluble (diphenylcyclopropenone) already makes this 
procedure an attractive option. 
Table 2. Optimization of cyclopropenone-mediated substitution of alcohols with mesylate 
ion. 
 
Nonetheless, I next pursued the optimization of a procedure employing catalytic amounts 
of diphenylcyclopropenone (Table 3). Conducting the optimized stoichiometric procedure but 
using only 10 mol% of diphenylcyclopropenone, turnover clearly occurred, but the product was 




































































































































stoichiometric experiments that the nucleophilic substitution was the rate-limiting step of the 
catalytic pathway, effectively sequestering the catalyst and delaying the desired cycle, offering 
the potential for retentive mesylation. To limit the possibilities where unreacted alcohol cannot 
encounter available catalyst molecules, the substrate was added over 12 h by syringe pump. This 
modification raised the product enantiopurity to 87% ee. Using 15 mol% of the catalyst while 
extending the addition time to 18 h gave the desired product in 93% ee. This procedure is the 
first catalytic alternative to the Mitsunobu reaction that allows the substitution of alcohols with 
inversion of stereochemistry using oxygen nucleophiles. 
Table 3. Optimization of cyclopropenone-catalyzed substitution of alcohols with mesylate 
ion. 
 
To assess the generality of this reaction, I prepared unactivated secondary substrates 
containing a series of functionality (Table 4). They were tested using both the catalytic and 
stoichiometric protocols. Entries 1-5 show alcohols bearing ether, chloride, thioether, ester, and 
protected amino functional groups. Reactions proceed with good selectivity (89-94% ee) and 
efficiency (72-81% yield). For the stoichiometric version the selectivities are similar, though 
yields are typically higher (77-98%). The steric demand of the alcohol had a significant impact 










































7) were viable substrates, the iso-propyl analogue was formed in greatly reduced yield and 
selectivity. The catalytic reaction succeeded using 1 g of alcohol 67 (entry 6). 
Table 4. Substrate scope of cyclopropenone-catalyzed substitution of alcohols with mesylate 
ion. 
 
Next, a number of more complex substrates containing two stereocenters were evaluated 
(Table 5). As suggested above, these more sterically demanding alcohols were not viable in the 
catalytic process, although appropriate adjustments to the stoichiometric version enabled their 

































































































successful transformations. Thus, syn-aldol product 81 led to the mesylate with opposite relative 
stereochemistry in good yield and excellent isomeric purity (> 98:2 anti/syn). The more electron-
rich benzylic alcohol 82 reacted with lower efficiency and selectivity, presumably due to 
heterolysis of the C–O bond prior to substitution. In fact, the anti diastereomer of the 
alkoxycyclopropenium ion could be observed to form over time when the reaction was 
conducted in an NMR tube, suggesting in this case that the activated intermediate is not 
 
Table 5. Substrate scope of cyclopropenone-mediated substitution of hindered alcohols 



























































































configurationally stable. Locked cyclohexanol 83 was transformed with excellent selectivity and 
in good yield, as were diastereomeric chlorohydrins 84 and 85. Homoallylic substrate 86 resulted 
in a complex mixture, possibly due to the participation of the pendant alkene.109 Finally, 
hydroxyproline 87 was viable, formed in 77% yield and 97:3 dr after the inversion. For entries 1-
3 in this table, bis-(p-methoxyphenyl)cyclopropenone (63) was the optimal reagent, though it 
offers no improvement in catalytic reactions due to a slowed rate-limiting SN2 step. 
 
Scheme 7. Cyclopropenone scavenge by ring-opening and aqueous workup to aid in purification. 
Lastly, we believe this technology offers an attractive alternative to certain Mitsunobu 
reactions, largely because only one species aside from the product remains in the organic phase 
after workup, and it can often be used in catalytic amounts. Instances still arise, however, where 
its chromatographic removal can be problematic. Therefore, I used the well-established ring-
opening tendency of cyclopropenones 110  to develop a simple protocol allowing 
diphenylcyclopropenone to be removed by washing the mixture with aqueous acid (Scheme 7). 
Stirring diphenylcyclopropenone and a sulfonate ester such as 88 with inexpensive 
tetraethylenepentamine (89) for 1 h at rt, followed by washing with 1 M HCl, removes all traces 
of the cyclopropenone while allowing nearly quantitative recovery of the mesylate. Presumed 
ring-opened acrylamide type product 90 should contain many basic sites to facilitate extraction 
into acid. In fact, three examples (Table 4, entries 4 & 5; Table 5, entry 5) used this post-reaction 
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Therefore, a cyclopropenone-catalyzed strategy has been developed that enables the 
substitution of alcohols by a sulfonic acid with inversion of stereochemistry. The only further 
reagents required are a simple amine base and methanesulfonic anhydride, which can both be 







The nucleophilic substitution of alcohols is an essential capability in organic synthesis. 
For decades, the Appel and Mitsunobu reactions were the leading options for these 
transformations beyond textbook methods (SOCl2, PBr3, etc.) that are harsher and often fail to 
produce clean stereochemical outcomes. The stoichiometric byproducts formed in the former 
processes can be notoriously difficult to separate from desired products, however, and this 
problem has helped renew efforts since 2000 to improve on these technologies. While a variety 
of significant improvements have been made in terms of the transformations offered, available 
activation modes, and enantiocontrol; a catalytic method that is effective for a broad range of 
alcohol substrates (including the unactivated, secondary class) that proceeds with inversion of 
stereochemistry and that can access derivatives aside from alkyl chlorides or bromides is lacking. 
The cyclopropenium activation platform developed by the Lambert group has been used 
as the basis for such a method. The combination of a cyclopropenone catalyst, methanesulfonic 
anhydride, and an amine base converts a range of alcohols to their methanesulfonate esters with 
inversion of stereochemistry. The only stoichiometric byproducts are the amine base and 
methanesulfonic acid, which are both removed during aqueous workup. The cyclopropenone 
catalyst can be separated chromatographically or treated with a cheap pentamine to enable its 
aqueous removal. The convenience of the post-reaction processing combined with the 
unprecedented catalytic invertive substitution of alcohols with oxygen nucleophiles should make 
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All reactions were performed using oven- or flame-dried glassware under an atmosphere 
of dry argon, unless otherwise noted. Non-aqueous reagents were transferred by syringe under 
argon. Organic solutions were concentrated using a Buchi rotary evaporator. Methylene chloride, 
benzene, toluene, tetrahydrofuran, and diethyl ether were dried using a J.C. Meyer solvent 
purification system. Acetonitrile and triethylamine were distilled from CaH2 under argon. 
Dimethyl sulfoxide, dimethylformamide, triisobutylamine, and hydrocinnamaldehyde were 
distilled from CaH2 at reduced pressure. Chloroform was distilled from P2O5 under argon. All 
other solvents and commercial reagents were used as provided unless otherwise noted. Flash 
column chromatography was performed employing 32-63 µm silica gel (Dynamic Adsorbents 
Inc). Thin-layer chromatography (TLC) was performed on silica gel 60 F254 plates (EMD). 
Distillation of products at reduced pressure was conducted either on a house vacuum line with a 
digital pressure gauge capable of producing pressures as low as ~8 mmHg, or alternatively on a 
high vacuum line capable of producing pressures of 2-5 mmHg, but for which exact pressures 
not recorded; temperatures refer to the vapors collected and characterized. All reactions were 
quenched, worked up, and purified at room temperature unless otherwise stated. 
1H and 13C NMR were recorded on Bruker DRX spectrometers in deuterated solvents and 
at frequencies as noted. Data for 1H NMR are reported as follows: chemical shift (δ, in ppm), 
multiplicity (s=singlet, br s=broad singlet, d=doublet, t=triplet, q=quartet, qt=quintet, sx=sextet, 
st=septet, m=multiplet), coupling constant (J, in Hz), integration, and assignment. Data for 13C 
NMR are reported in terms of chemical shift. Low-resolution mass spectrometry (LRMS) was 
performed on a JEOL JMS-LCmate liquid chromatography spectrometer system using APCI+ or 




Laboratories (New Jersey). IR spectra were recorded on a Perkin-Elmer FTIR spectrometer. Data 
for IR are reported as follows: wavenumber (ν, in cm-1), intensity (s=strong, m=moderate, 
w=weak). Optical rotations were measured using a Jasco DIP-1000 digital polarimeter. HPLC 
analysis was performed on an Agilent Technologies 1100 series instrument or on a Shimadzu 
LC-6AD instrument, with a Daicel Chiralcel OD column (25 cm) using the given conditions 
(hexanes/isopropanol solvent system). Occasionally, retention times were not reproducible, but 
the relative integrations were highly reproducible for determining optical purity. 




A 500 mL flask containing a magnetic stir bar and a solution of dibenzyl ketone (17.6 g, 83.7 
mmol, 1.0 equiv) in acetic acid (62 mL) was equipped with a 250 mL addition funnel, from 
which a solution of bromine (8.8 mL, 170 mmol, 2.0 equiv) in acetic acid (125 mL) was added 
over a period of approximately 15 minutes. After stirring for another 5 minutes, the reaction was 
allowed to stand for 10 minutes, causing a white solid to precipitate. The reaction was poured 
into water (250 mL) while vigorously swirling the receiving flask, then solid sodium thiosulfate 
(2 g) was added. The resulting white suspension was filtered and the solid was air-dried, 
dissolved in CH2Cl2 (150 mL), washed with brine, dried over anhydrous MgSO4, and 
concentrated. The crude yellow solid was recrystallized from hexanes (150 mL) and washed with 
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cold hexanes (100 mL) to afford intermediate dibromoketone 91 as a white solid (27.1 g, 88% 
yield). 
A 500 mL flask containing a magnetic stir bar and a solution of triethylamine (27.0 mL, 
194 mmol, 2.64 equiv) in CH2Cl2 (60 mL) was equipped with a 250 mL addition funnel, from 
which a solution of dibromoketone 91 (27.1 g, 73.6 mmol, 1.00 equiv) in CH2Cl2 (120 mL) was 
added over a period of 1 hour. The resulting deep red solution was stirred for 30 minutes, and 
then washed with 3 M HCl (3 x 70 mL). The organic layer was poured into a 500 mL 
Erlenmeyer flask, stirred in an ice water bath, and treated with a solution of concentrated H2SO4 
(14.5 mL) and water (7 mL). The resulting pink slurry was filtered, washed with CH2Cl2 (75 
mL), and the solid was returned to the Erlenmeyer flask. This solid was suspended in CH2Cl2 (70 
mL) and water (140 mL), stirred at room temperature, and solid sodium carbonate (1.3 g) was 
added in small portions. The aqueous layer was extracted with CH2Cl2 (3 x 50 mL), and the 
combined organic layers were washed with brine, dried over anhydrous MgSO4, and 
concentrated to afford a red solid. Flash chromatography (50% ethyl acetate/hexanes) on silica 
gel (400 mL) gave a white solid which was recrystallized from hexanes (500 mL) and a 
minimum of benzene (75 mL). Diphenylcyclopropenone was isolated as a white powder (8.3 g, 
55% yield, 48% from dibenzyl ketone). 1H NMR (400 MHz, CDCl3) δ 7.98 (m, 4H, ArH), 7.58 







In a 500 mL flask containing a magnetic stir bar, aluminum chloride (2.51 g, 18.8 mmol, 1.05 
equiv) was suspended in CH2Cl2 (36 mL), and tetrachlorocyclopropene (2.20 mL, 17.9 mmol, 
1.00 equiv) was added dropwise at room temperature. The homogeneous yellow solution was 
cooled to -78 °C, and a solution of anisole (3.9 mL, 36 mmol, 2.0 equiv) in CH2Cl2 (15 mL) was 
added over 30 minutes. After stirring for 2 hours at -78 °C, the reaction was allowed to warm to 
room temperature over a period of 12 hours. The resulting deep purple solution was poured into 
water (75 mL), and the aqueous layer was extracted with CH2Cl2 (2 x 75 mL). The combined 
organic layers were washed with brine (50 mL), dried over anhydrous MgSO4, and concentrated 
to provide 3.6 g of a crude yellow solid. Flash chromatography (50% → 100% ethyl 
acetate/hexanes) on silica gel (250 mL) afforded 2.6 g of a pale yellow solid which was 
recrystallized from hexanes (200 mL) and a minimum of CH2Cl2 (150 mL) and washed with cold 
hexanes (200 mL) to give the title compound as white needles (1.43 g, 30% yield). Concentration 
of the mother liquor and recrystallization of the solid residue provided a second crop of 
spectroscopically identical material (760 mg, 16% yield). 1H NMR (400 MHz, CDCl3) δ 7.90 (d, 
J = 7.4 Hz, 4H, ArH), 7.05 (d, J = 8.1 Hz, 4H, ArH), 3.90 (s, 6H, OCH3). 13C NMR (100 MHz, 
CDCl3) δ 162.9, 155.4, 144.3, 133.6, 117.3, 114.9, 55.8. 
                                                
(2) Poloukhtine, A.; Popik, V. V. J. Org. Chem. 2003, 68, 7833. 
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Synthesis of Methanesulfonic Anhydride (Ms2O) 
 
 
Based on the method of Owen,3 methanesulfonic acid (10.0 mL, 154 mmol, 1.00 equiv) and 
thionyl chloride (44.0 mL, 607 mmol, 3.94 equiv) were added to a 250 mL flask equipped with a 
magnetic stir bar and a reflux condenser. The reaction was stirred vigorously and slowly heated 
to 95 °C (bath temperature) to establish a gentle reflux. After 3 hours, the reaction was 
concentrated to give a white-brown solid. Recrystallization from diethyl ether (250 mL) and 
washing with cold diethyl ether (75 mL) afforded a white solid (7.78 g, 58% yield). 1H NMR 
(300 MHz, CDCl3) δ 3.43 (s, CH3). 
Best results in mesylation reactions were obtained if this material was stored in a Schlenk 
flask at 15 mmHg over P2O5 and used within 48 hours of its purification. Old material could be 
recrystallized again to restore its reactivity unless it had become extensively hydrolyzed 
(generally about 2 weeks at 15 mmHg). 




In a 500 mL flask equipped with a magnetic stir bar and a Dean-Stark water trap, 1,6-hexanediol 
(11.9 g, 101 mmol, 1.00 equiv) was suspended in benzene (130 mL) and treated with HBr (12.6 
                                                
(3) Owen, L. N.; Whitelaw, S. P. J. Chem. Soc. Res. 1953, 3723. 
(4) Kang, S.-K.; Kim, W.-S.; Moon, B.-H. Synthesis 1985, 1161. 
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mL, 48 wt%, 111 mmol, 1.10 equiv). The mixture was heated at reflux (130 °C bath). After 18 
hours, the reaction was washed with 6 M NaOH (100 mL), 3 M HCl (100 mL), water (2 x 200 
mL), and brine (150 mL), dried over anhydrous MgSO4, and concentrated, leaving a viscous, 
pale yellow oil. Distillation (116-119 °C/hi-vac) afforded the product as product as a clear, 
colorless, oil (10.9 g, 60% yield). 1H NMR (300 MHz, CDCl3) δ 3.66 (t, J = 6.5 Hz, 2H, 
CH2OH), 3.42 (t, J = 6.8 Hz, 2H, CH2Br), 1.88 (qt, J = 7.0 Hz, 2H, CH2CH2OH), 1.59 (qt, J = 
6.8 Hz, 2H, CH2CH2Br), 1.53 – 1.34 (m, 4H, CH2(CH2)4CH2), 1.32 (m, 1H). 13C NMR (100 




In a 250 mL flask containing a magnetic stir bar, sodium hydride (2.63 g, 60 wt%, 65.8 mmol, 
1.10 equiv) was suspended in tetrahydrofuran (55 mL) and cooled in an ice water bath. A 
mixture of alcohol 92 (10.8 g, 59.8 mmol, 1.00 equiv) and benzyl bromide (7.80 mL, 65.6 mmol, 
1.10 equiv) was added over 15 minutes, followed by a tetrahydrofuran wash (2 x 5 mL). The 
reaction was allowed to warm to room temperature over 20 hours. TLC analysis revealed an 
incomplete reaction, so it was again cooled in an ice water bath, and further tetrahydrofuran (20 
mL), and then sodium hydride (2.06 g, 60 wt%, 51.5 mmol, 0.86 equiv) were added, the latter 
over 2 portions separated by 1 hour. After warming to room temperature over 2 hours, the 
reaction was concentrated and dissolved in ethyl acetate (450 mL), washed with water (2 x 25 
mL) and brine (2 x 20 mL), dried over anhydrous MgSO4, and concentrated. The resulting oil 
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was distilled (115-130 °C/hi-vac) to provide the title compound as a pale yellow oil (9.89 g, 61% 
yield). Redistillation of the pot and the lower-boiling fractions (111-114 °C/hi-vac) produced 3.2 
g of material which was purified by flash chromatography (0% → 2.5% hexanes/ethyl acetate) 
on silica gel (250 mL) to afford another pure batch of the desired product (1.91 g, 12 % yield). 
1H NMR (400 MHz, CDCl3) δ 7.37 – 7.27 (m, 5H, ArH), 4.50 (s, 2H, OCH2Ph), 3.47 (t, J = 6.5 
Hz, 2H, CH2OBn), 3.40 (t, J = 6.8 Hz, 2H, CH2Br), 1.86 (qt, J = 7.1 Hz, 2H, CH2CH2OBn), 1.63 
(qt, J = 13.5, 6.7 Hz, 2H CH2CH2Br), 1.44 – 1.36 (m, 4H, CH2(CH2)4CH2). 13C NMR (100 MHz, 
CDCl3) δ 138.8, 128.5, 127.8, 127.7, 73.1, 70.4, 34.00, 32.9, 29.7, 28.2, 25.6. LRMS (APCI+) 
for C13H1981BrO [MH]+ m/z calcd 273.06, found 273.08. 
(S)-9-Benzyloxy-2-nonanol (74): 
 
Based on a literature procedure,6 Mg turnings (186 mg, 7.65 mmol, 1.5 equiv), washed 
sequentially with 0.1 M HCl (30 mL), water (30 mL), acetone (30 mL), and diethyl ether (30 
mL), were flame-dried under argon in a 50 mL flask equipped with a magnetic stir bar and a 
reflux condenser. Tetrahydrofuran (1 mL) and 1,2-dibromoethane (1 drop) were added to 
activate the Mg. A solution of bromide 93 (1.53 g, 5.64 mmol, 1.1 equiv) in tetrahydrofuran (7 
mL) was added over 15 minutes, and the resulting suspension was heated at reflux for 3 hours.  
In a separate 50 mL flask containing a magnetic stir bar, a suspension of CuCN (23.5 mg, 
0.26 mmmol, 0.05 equiv) and (S)-propylene oxide (0.35 mL, 5.0 mmol, 1.0 equiv) in 
tetrahydrofuran (5 mL) was cooled to -78 °C. The crude Grignard reagent was added over 1 
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hour, followed by a 3 mL wash of the Grignard flask. Stirring was continued at -78 °C for 1 
hour, followed by warming to room temperature over 2 hours, during which time the pale yellow 
solution turned dark brown. The reaction was quenched with sat. aq. NH4Cl (10 mL), and then a 
minimum of water (~15 mL) was added to dissolve the salts. The aqueous layer was extracted 
with 2:1 diethyl ether/hexanes (3 x 25 mL). The combined organic layers were washed with 
water (15 mL) and brine (10 mL), dried over anhydrous MgSO4, and concentrated. Flash 
chromatography (5% → 15% ethyl acetate/hexanes) on silica gel (120 mL) provided the title 
compound as a clear, colorless oil (919 mg, 73% yield). 1H NMR (400 MHz, CDCl3) δ 7.34 – 
7.26 (m, 5H, ArH), 4.50 (s, 2H, OCH2Ph), 3.78 (m, 1H, CHOH), 3.46 (t, J = 6.6 Hz, 2H, 
CH2OBn), 1.59 (m, 2H, CH2CHOH), 1.48 – 1.26 (m, 11H), 1.18 (d, J = 6.2 Hz, 3H, CH3). 13C 
NMR (100 MHz, CDCl3) δ 138.9, 128.5, 127.8, 127.6, 73.0, 70.6, 68.3, 39.5, 29.9, 29.7, 29.6, 
26.3, 25.9, 23.7. LRMS (APCI+) for C16H26O2 [MH]+ m/z calcd 251.19, found 251.23. IR (KBr, 
thin film) ν = 3377 (s, br), 3031 (w), 2930 (s), 2856 (s), 1718 (w), 1455 (m), 1367 (m), 1277 (m), 





In a 1 L flask containing a magnetic stir bar, (R)-5-acetoxy-1-chlorohexane (6.03 g, 33.7 mmol, 
1.0 equiv) was dissolved in methanol (250 mL) and water (30 mL) and treated with finely 
ground potassium carbonate (46.8 g, 339 mmol, 10 equiv) After 6 hours, the reaction was diluted 
                                                










with water (200 mL) and extracted with ethyl acetate (4 x 200 mL). The combined organic layers 
were washed with brine (100 mL), dried over anhydrous MgSO4, and concentrated. The resulting 
clear, colorless oil (4.81 g) was determined by 1H NMR analysis to be a 100:8.8 mixture of the 
title compound and ethyl acetate, corresponding to a 99% yield of the alcohol. This mixture was 
used without compromise in further syntheses of starting materials, though a portion of the oil 
was concentrated further to provide analytically pure material suitable for use as a substrate in 
mesylation reactions. 1H NMR (300 MHz, CDCl3) δ 3.82 (m, 1H, CHOH), 3.55 (t, J = 6.6 Hz, 
2H, CH2Cl), 1.80 (m, 2H, CH2CHOH), 1.65 – 1.39 (m, 4H), 1.28 (d, J = 4.7 Hz, 1H, OH), 1.21 




In a 50 mL flask containing a magnetic stir bar, thiophenol (0.34 mL, 3.3 mmol, 1.5 equiv) was 
dissolved in benzene (11 mL) and treated with DBU (0.56 mL, 3.7 mmol, 1.7 equiv), causing a 
white solid to precipitate from the clear, colorless solution. After stirring for 10 minutes, a 
solution of chloride 75 (299 mg, 2.19 mmol, 1.0 equiv) in benzene (3 mL) was added. The 
reaction again became clear and colorless before the addition of the chloride was complete. After 
4 hours, the reaction was diluted with 2:1 ethyl acetate/hexanes (50 mL), washed with water (25 
mL) and brine (15 mL), dried over anhydrous MgSO4, and concentrated. The resulting oil (0.59 
g) was purified by flash chromatography (5% → 30% ethyl acetate/hexanes) on silica gel (50 
mL) to afford the title compound as a clear, colorless oil (423 mg, 92% yield). 1H NMR (400 
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MHz, CDCl3) δ 7.34 – 7.25 (m, 4H, ArH), 7.17 (tt, J = 7.1, 1.5 Hz, 1H, ArH), 3.79 (m, 1H, 
CHOH), 2.93 (t, J = 7.3 Hz, 2H, CH2SPh), 1.74 – 1.63 (m, 2H, CH2CHOH), 1.61 – 1.38 (m, 
4H), 1.32 (d, J = 4.3 Hz, 1H, OH), 1.18 (d, J = 6.2 Hz, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ 
136.9, 129.2, 129.0, 125.9, 68.1, 38.9, 33.7, 29.3, 25.1, 23.7. LRMS (APCI+) for C12H18OS [M+ 




Based on a known procedure,10 tetrabutylammonium iodide (559 mg, 1.51 mmol, 0.10 equiv) 
was added to a 250 mL flask containing a magnetic stir bar, dissolved in dimethyl sulfoxide (50 
mL), treated sequentially with sodium cyanide (3.70 g, 75.5 mmol, 5.2 equiv) and a solution of 
chloride 75 (2.10 g, 100:8.8 mixture with ethyl acetate, 14.5 mmol, 1.0 equiv) in 
dimethylsulfoxide (25 mL), and heated to 50 °C. After 18 hours, the reaction was diluted with 
water (250 mL) and extracted with ethyl acetate (5 x 150 mL). The combined organic extracts 
were washed with brine (75 mL), dried over anhydrous MgSO4, and concentrated to afford a 
dark yellow oil (3.0 g). Flash chromatography (40% → 50% ethyl acetate/hexanes) on silica gel 
(200 mL) provided the title compound as a yellow oil (1.44 g, 78% yield). 1H NMR (500 MHz, 
CDCl3) δ 3.82 (m, 1H, CHOH), 2.36 (t, J = 7.1 Hz, 2H, CH2CN), 1.76 – 1.65 (m, 2H, 
CH2CHOH), 1.65 – 1.55 (m, 1H), 1.54 – 1.43 (m, 3H), 1.37 (br s, 1H, OH), 1.21 (d, J = 6.2 Hz, 
3H, CH3). 13C NMR (125 MHz, CDCl3) δ 119.8, 67.8, 38.4, 25.6, 25.1, 23.8, 17.3. LRMS 
                                                
(9) Pirkle, W. H.; Adams, P. E. J. Org. Chem. 1979, 44, 2169. 
(10) Wang, L.; Prabhudas, B.; Clive, D. L. J. J. Am. Chem. Soc. 2009, 131, 6003. 
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(APCI+) for C7H13NO [MH]+ m/z 128.10 calcd, found 128.14. 
(R)-6-Hydroxyheptanoic acid (95):11 
 
Based on a known procedure,12 nitrile 94 (0.46 g, 3.6 mmol) was added to a 250 mL flask 
equipped with a magnetic stir bar and a reflux condenser, dissolved in methanol (60 mL), and 
treated with 5 M NaOH (60 mL). The reaction was stirred vigorously and heated to 60 °C for 5.5 
hours. As significant amounts of the nitrile remained (TLC analysis), the reaction was then 
heated at reflux (110 °C bath). After 5.5 hours, the reaction was cooled to room temperature and 
allowed to stand overnight. The methanol was evaporated, and the solution was carefully 
acidified to pH 2 (pH paper) by adding 6 M HCl (~ 50 mL) followed by 1 M HCl (~ 5 mL), and 
extracted with ethyl acetate (4 x 60 mL). The combined organic extracts were washed with brine 
(25 mL), dried over anhydrous MgSO4, and concentrated to afford a brown oil (530 mg, 100% 
yield) that was sufficiently pure for use in the next step. 1H NMR (400 MHz, CDCl3) δ 6.27 (br 
s, 2H, CO2H and CHOH), 3.83 (m, 1H, CHOH), 2.37 (t, J = 7.4 Hz, 2H, CH2CO2H), 1.66 (m, 
2H, CH2CHOH), 1.55 – 1.33 (m, 4H), 1.20 (d, J = 6.2 Hz, 3H, CH3). 13C NMR (100 MHz, 
CDCl3) δ 179.2, 68.1, 38.9, 34.0, 25.3, 24.7, 23.7. LRMS (APCI+) for C7H14O3 [MH]+ calcd m/z 
147.09, found 147.12. 
                                                
(11) Fouque, E.; Rousseau, G. Synthesis 1989, 661. 
(12) Ghosh, A. K.; Liu, W. J. Org. Chem. 1997, 62, 7908. 
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Based on a known procedure,13 acid 95 (209 mg, 1.43 mmol, 1.00 equiv) was added to a 50 mL 
flask containing a magnetic stir bar, dissolved in acetonitrile (14 mL), and treated sequentially 
with DBU (0.24 mL, 1.6 mmol, 1.1 equiv) and 4-nitrobenzyl bromide (372 mg, 1.72 mmol, 1.20 
equiv). After stirring for 16 hours, the reaction was diluted with ethyl acetate (150 mL), washed 
with 50% sat. aq. NaHCO3 (75 mL) and brine (35 mL), dried over anhydrous MgSO4, and 
concentrated to afford a pale green oil (0.41 g). Flash chromatography (40% → 50% ethyl 
acetate/hexanes) on silica gel (20 mL) provided the title compound as a pale yellow oil (366 mg, 
91% yield). 1H NMR (500 MHz, CDCl3) δ 8.22 (m, 2H, ArH), 7.51 (d, J = 8.8 Hz, 2H, ArH), 
5.21 (s, 2H, CH2Ar), 3.80 (m, 1H, CHOH), 2.42 (t, J = 7.5 Hz, 2H, CH2CO2), 1.69 (m, 2H, 
CH2CHOH), 1.53 – 1.30 (m, 5H), 1.19 (d, J = 6.2 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 
173.4, 147.8, 143.5, 128.5, 123.9, 67.9, 64.7, 38.9, 34.2, 25.4, 24.9, 23.7. LRMS (APCI+) for 
C14H19NO5 [MH]+ calcd m/z 282.13, found 282.28. IR (KBr, thin film) ν = 3396 (s, br), 2964 (s), 
2936 (s), 2865 (m), 1736 (s), 1606 (m), 1523 (s), 1458 (m), 1348 (s), 1160 (s), 1108 (s), 1014 
(m), 852 (m), 739 (m) cm-1. [α]20D = -6.7 (c 2.5, CDCl3). 
                                                
(13) Li, P.; Evans, C. D.; Wu, Y.; Cao, B.; Hamel, E.; Joullié, M. M. J. Am. Chem. Soc. 2008, 
130, 2351. 















Based on a known procedure,14 chloride 75 (728 mg, 100:8.8 mixture with ethyl acetate, 5.04 
mmol, 1.00 equiv) was added to a 50 mL flask containing a magnetic stir bar, dissolved in 
dimethylformamide (10 mL), treated sequentially with potassium phthalimide (2.81 g, 15.2 
mmol, 3.02 equiv) and sodium iodide (299 mg, 1.99 mmol, 0.39 equiv), and heated to 100 °C. 
After 5 hours, the reaction was treated with 50% sat. aq. NaHCO3 (20 mL) and extracted with 
ethyl acetate (3 x 60 mL). The combined organic extracts were washed with water (20 mL) and 
brine (15 mL), dried over anhydrous MgSO4, and concentrated to afford a yellow liquid (1.46 g). 
Flash chromatography (40% → 50% ethyl acetate/hexanes) on silica gel (90 mL) provided the 
title compound as an amorphous white solid (968 mg, 78% yield). 1H NMR (500 MHz, CDCl3) δ 
7.84 (dd, J = 5.4, 3.0 Hz, 2H, ArH), 7.71 (dd, J = 5.4, 3.0 Hz, 2H, ArH), 3.79 (m, 1H, CHOH), 
3.70 (t, J = 7.2 Hz, 2H, CH2N), 1.70 (m, 2H, CH2CHOH), 1.56 – 1.30 (m, 5H), 1.19 (d, J = 6.2 
Hz, 3H, CH3). 13C NMR (125 MHz, CDCl3) δ 168.6, 134.0, 132.3, 123.3, 68.0, 38.8, 38.0, 28.7, 
23.7, 23.1. LRMS (APCI+) for C14H17NO3 [MH]+ calcd m/z 248.12, found 248.13. IR (KBr, thin 
film) ν = 3423 (s, br), 2936 (w), 1771 (w), 1708 (s), 1399 (m), 1371 (w), 720 (m), 530 (w) cm-1. 
[α]20D = -6.2 (c 2.2, CDCl3). 
                                                
(14) Sato, H.; Hayashi, E.; Yamada, N.; Yatagai, M.; Takahara, Y. Bioconjugate Chem. 2001, 
12, 701. 
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Based on a known procedure,16 Mg turnings (1.35 g, 55.5 mmol, 5.55 equiv) were washed 
sequentially with 0.1 M HCl (3 x 20 mL), water (3 x 20 mL), acetone (3 x 20 mL), and diethyl 
ether (3 x 20 mL), and flame-dried under argon in a 100 mL flask equipped with a magnetic stir 
bar and a reflux condenser. Diethyl ether (12.5 mL) and 1,2-dibromoethane (10 drops) were 
added to activate the Mg. The suspension was stirred in a water bath, and a solution of benzyl 
bromide (1.80 mL, 15.1 mmol, 1.51 equiv) in diethyl ether (12.5 mL) was added over 1 hour, 
adding ice to the water bath as needed to keep the bath temperature below 25 °C. Once the 
addition was complete, the reaction was stirred at room temperature for 1 hour, and then heated 
at reflux (50 °C bath) for 45 minutes.  
In a separate 250 mL flask containing a magnetic stir bar, a suspension of CuI (595 mg, 
3.12 mmol, 0.31 equiv) in diethyl ether (60 mL) was cooled to -78 °C. The crude Grignard 
reagent was added over 15 minutes. Stirring was continued at -78 °C for 20 minutes, followed by 
warming to room temperature over 15 minutes, during which time the beige suspension turned 
black. The reaction was again cooled to -78 °C, a solution of (R)-1,2-epoxybutane (0.87 mL, 
10.0 mmol, 1.00 equiv) in diethyl ether (10 mL) was added over 30 minutes, and the reaction 
was allowed to warm to room temperature over 23 hours. The black solution was then quenched 
                                                
(15) Hatano, M.; Miyamoto, T.; Ishihara, K. J. Org. Chem. 2006, 71, 6474. 
(16) Morris, K. A.; Arendt, K. M.; Oh, S. H.; Romo, D. Org. Lett. 2010, 12, 3764. 
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with sat. aq. NH4Cl (100 mL) and extracted with CH2Cl2 (4 x 30 mL). The combined organic 
layers were washed with brine (50 mL), dried over anhydrous MgSO4, and concentrated to afford 
an oil (1.97 g). Flash chromatography (7.5% → 12% ethyl acetate/hexanes) on silica gel (125 
mL) provided the title compound as an amorphous white solid (569 mg, 35% yield). 1H NMR 
(400 MHz, CDCl3) δ 7.31 – 7.27 (m, 2H, ArH), 7.22 – 7.16 (m, 3H, ArH), 3.57 (m, 1H, CHOH), 
2.85 – 2.77 (m, 1H, CH2CHaHbCHOH), 2.72 – 2.64 (m, 1H, CH2CHaHbCHOH), 1.86 – 1.69 (m, 
2H, CH3CH2CHOH), 1.62 – 1.43 (m, 2H, CH2Ph), 1.39 (s, 1H, OH), 0.96 (t, J = 7.5 Hz, 3H, 




Based on a known procedure,18 m-CPBA (40 g, 77 wt%, 180 mmol, 1.2 equiv) was added to a 
500 mL flask containing a magnetic stir bar, suspended in o-dichlorobenzene (130 mL), cooled 
in an ice water bath, and treated with 3-methyl-1-butene (17.0 mL, 152 mmol, 1.0 equiv) The 
reaction was allowed to warm to room temperature over 19 hours. After this time, the suspension 
was filtered, the filtrate was washed with sat. aq. Na2S2O3 (2 x 30 mL), sat. aq. NaHCO3 (2 x 30 
mL), and brine (30 mL), and then dried over anhydrous MgSO4. The organic solution was 
collected in a 250 mL flask equipped with a magnetic stir bar and a Claisen adapter attached to a 
vacuum line via a -78 °C trap (100 mL flask). Distillation (100 °C bath temperature/75 mmHg) 
                                                
(17) Bray, C. D.; de Faveri, G. J. Org. Chem. 2010, 75, 4652. 
(18) Denny, W. A.; Hutchings, R. H.; Johnson, D. S.; Kaltenbronn, J. S.; Lee, H. H.; Leonard, 
D. M.; Milbank, J. B. J.; Repine, J. T.; Rewcastle, G. M.; White, A. D. U.S. Patent 












for 20 hours afforded a clear, colorless liquid, which upon removal from the trap was 
inconsequentially contaminated with tetrahydrofuran (~3 mL) that was used to wash this flask. 
The resulting liquid (9.98 g) was determined by 1H NMR analysis to be a 100:27 mixture of the 
title compound and tetrahydrofuran, corresponding to a 62% yield of the epoxide (94.5 mmol). 
1H NMR (300 MHz, CDCl3) δ 2.70 (m, 2H, CH2O), 2.51 (dd, J = 4.6, 3.1 Hz, 1H, CHO), 1.50 




Based on the method of Jacobsen, 20  (R,R)-(+)-N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminecobalt(II) (915 mg, 1.52 mmol, 0.016 equiv) was added to a 100 mL flask 
containing a magnetic stir bar, dissolved in toluene (10 mL) under open air, and treated with 
acetic acid (0.50 mL, 8.7 mmol, 0.092 equiv), turning the deep red solution brown. After stirring 
for 45 minutes, the reaction was concentrated, evacuated, and back-filled with argon. The flask 
was cooled in an ice water bath, and the entire mixture of (±)-96 (94.5 mmol, 1.00 equiv) was 
added, followed by a tetrahydrofuran wash (1 mL) of its flask. The resulting brown solution was 
treated dropwise with water (0.94 mL, 52.2 mmol, 0.55 equiv) over 5 minutes. The reaction was 
                                                
(19) Koppenhoefer, B.; Schurig, V. Org. Synth. 1988, 66, 160. 
(20) Schaus, S. E.; Brandes, B. D.; Larrow, J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. E.; 
Furrow, M. E.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 1307. 
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allowed to warm to room temperature over 22 hours, after which the reaction was distilled under 
argon (all vapors were collected up to a bath temperature of 140 °C), affording a clear, colorless 
oil (5.23 g), determined by 1H NMR analysis to be an inconsequential 100:121:18 mixture of the 
title compound, tetrahydrofuran, and water, corresponding to a 31% yield of the epoxide (29.6 
mmol). 1H NMR (300 MHz, CDCl3) δ 2.70 (m, 2H, CH2O), 2.51 (dd, J = 4.6, 3.1 Hz, 1H, 




Based on a known procedure,16 Mg turnings (1.94 g, 79.8 mmol, 9.98 equiv) were washed 
sequentially with 0.1 M HCl (3 x 30 mL), water (3 x 30 mL), acetone (3 x 20 mL), and diethyl 
ether (3 x 15 mL), and flame-dried under argon in a 100 mL flask equipped with a magnetic stir 
bar and a reflux condenser. Diethyl ether (20 mL) and 1,2-dibromoethane (15 drops) were added 
to activate the Mg. The suspension was stirred in a water bath, and a solution of benzyl bromide 
(2.90 mL, 24.4 mmol, 3.05 equiv) in diethyl ether (20 mL) was added over 1 hour, adding ice to 
the water bath as needed to keep the bath temperature below 25 °C. Once the addition was 
complete, the reaction was stirred at room temperature for 45 minutes, and then heated at reflux 
(45 °C bath) for 20 minutes.  
                                                
(21) Li, X.; Li, L.; Tang, Y.; Zhong, L.; Cun, L.; Zhu, J.; Liao, J.; Deng, J. J. Org. Chem. 
2010, 75, 2981. 
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In a separate 500 mL flask containing a magnetic stir bar, a suspension of CuI (543 mg, 
2.85 mmol, 0.36 equiv) in diethyl ether (60 mL) was cooled to -78 °C. The crude Grignard 
reagent was added over 15 minutes, followed by a diethyl ether wash (10 mL) of the Grignard 
flask. Stirring was continued at -78 °C for 15 minutes, followed by warming to room temperature 
and stirring for 5 minutes, during which time the beige suspension turned black. The reaction 
was again cooled to -78 °C, a solution of epoxide 96 (8.00 mmol, 1.00 equiv) in diethyl ether (10 
mL) was added over 1 hour, and the reaction was allowed to warm to room temperature over 22 
hours. The resulting black solution was quenched with 50% sat. aq. NH4Cl (100 mL) and 
extracted with CH2Cl2 (4 x 30 mL). The diethyl ether layer and the combined CH2Cl2 layers 
were washed with brine (50 mL) separately, then combined, dried over anhydrous MgSO4, and 
concentrated to afford an oil (2.38 g). Flash chromatography (5% ethyl acetate/hexanes) on silica 
gel (200 mL) provided the title compound as an amorphous white solid (1.23 g, 86% yield). 1H 
NMR (400 MHz, CDCl3) δ 7.31 – 7.28 (m, 2H, ArH), 7.25 – 7.16 (m, 3H, ArH), 3.41 (m, 1H, 
CHOH), 2.89 – 2.82 (m, 1H, CHaHbCHOH), 2.70 – 2.62 (m, 1H, CHaHbCHOH), 1.85 – 1.65 (m, 
3H), 1.35 (d, J = 4.8 Hz, 1H, OH), 0.93 (2 x d, J = 6.8, 6H). 13C NMR (100 MHz, CDCl3) δ 
142.5, 128.6, 128.5, 125.9, 76.3, 36.1, 33.8, 32.6, 18.9, 17.3. 
Methyl-(2S*,3S*)-3-hydroxy-2-methyl-3-(4-nitrophenyl)propanoate (81):22 
 
Based on a known procedure,23 4-nitrobenzaldehyde (1.82 g, 12.0 mmol, 1.2 equiv) was added to 
                                                
(22) Kohn, L. K.; Pavam, C. H.; Veronese, D.; Coelho, F.; De Carvalho, J. E.; Almeida, W. P. 
Eur. J. Med. Chem. 2006, 41, 738. 
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a 100 mL flask containing a magnetic stir bar, dissolved in CH2Cl2 (22 mL), cooled in an ice 
water bath, and treated sequentially with methyl propionate (0.96 mL, 10 mmol, 1.0 equiv), 
tributylamine (4.8 mL, 20 mmol, 2.0 equiv), and then dropwise with TiCl4 (15.0 mL, 1.0 M in 
CH2Cl2, 15.0 mmol, 1.5 equiv). After 5 hours, the reaction failed to reach completion, so further 
TiCl4 (15.0 mL, 1.0 M in CH2Cl2, 15.0 mmol, 1.5 equiv) was added dropwise. After 10 hours 
further, although the reaction was still not complete, it was poured onto ice water (50 mL), and 
the aqueous layer was extracted with CH2Cl2 (3 x 25 mL). The combined organic layers were 
washed with sat. aq. NH4Cl (50 mL) and brine (40 mL), dried over anhydrous MgSO4, and 
concentrated. A significant amount of tributylamine remained, so the residue was dissolved in 
diethyl ether (200 mL), washed with 1 M HCl (3 x 60 mL), sat. aq. NaHCO3 (60 mL), and brine 
(50 mL), dried over anhydrous MgSO4, and concentrated to afford a red oil (5.15 g) containing 
approximately a 1:1 mixture of product and 4-nitrobenzaldehyde as judged by 1H NMR analysis. 
Flash chromatography (15% ethyl acetate/hexanes) on silica gel (300 mL) provided the title 
compound as an amorphous orange solid (785 mg, 33% yield). 1H NMR (400 MHz, CDCl3) δ 
8.21 (d, J = 8.7 Hz, 2H, ArH), 7.53 (d, J = 8.8 Hz, 2H, ArH), 5.25 (t, J = 3.0 Hz, 1H, CHOH), 
3.73 (s, 3H, CO2CH3), 3.27 (d, J = 2.9 Hz, 1H, OH), 2.80 (qd, J = 7.2, 3.5 Hz, 1H, CHCH3), 
1.08 (d, J = 7.2 Hz, 3H, CHCH3). 13C NMR (100 MHz, CDCl3) δ 176.1, 148.7, 147.5, 127.0, 
123.7, 72.6, 52.3, 45.9, 10.4. The anti isomer could not be obtained in a pure form. 
                                                                                                                                                       
(23) Nagase, R.; Matsumoto, N.; Hosomi, K.; Higashi, T.; Funakoshi, S.; Misaki, T.; Tanabe, 







Following a known procedure,23 methyl propionate (0.96 mL, 10 mmol, 1.0 equiv) and 
benzaldehyde (1.20 mL, 11.9 mmol, 1.2 equiv) were added to a 100 mL flask containing a 
magnetic stir bar, dissolved in CH2Cl2 (20 mL), cooled in an ice water bath, treated with 
tributylamine (4.8 mL, 20 mmol, 2.0 equiv), and then dropwise with TiCl4 (15.0 mL, 1.0 M in 
CH2Cl2, 15.0 mmol, 1.5 equiv). After 3 hours, the reaction was poured onto ice water (40 mL), 
and the aqueous layer was extracted with CH2Cl2 (2 x 40 mL). The combined organic layers 
were washed with water (40 mL) and brine (30 mL), dried over anhydrous MgSO4, and 
concentrated. A significant amount of tributylamine remained, so the residue was dissolved in 
diethyl ether (200 mL), washed with 1 M HCl (3 x 50 mL), sat. aq. NaHCO3 (25 mL), and brine 
(25 mL), dried over anhydrous MgSO4, and concentrated to afford an oil (1.74 g). Flash 
chromatography (5% ethyl acetate/hexanes) on silica gel (200 mL) provided the title compound 
as a yellow syrup that partly solidified on standing (603 mg, 31% yield). 1H NMR (500 MHz, 
CDCl3) δ 7.36 – 7.25 (m, 5H, ArH), 5.09 (d, J = 4.3 Hz, 1H, CHOH), 3.67 (s, 3H, CO2CH3), 
3.04 (s, 1H, OH), 2.80 (qd, J = 7.1, 4.3 Hz, 1H, CHCH3), 1.13 (d, J = 7.2 Hz, 3H, CHCH3). 13C 
NMR (125 MHz, CDCl3) δ 176.3, 141.6, 128.4, 127.6, 126.1, 73.8, 52.0, 46.6, 10.9. The anti 
isomer could not be obtained in a pure form.trans-4-tert-Butylcyclohexanol (83):25 
                                                
(24) Shiomi, T.; Ito, J.-i.; Yamamoto, Y.; Nishiyama, H. Eur. J. Org. Chem. 2006, 5594. 
(25) Eliel, E. L.; Martin, R. J. L.; Nasipuri, D. Org. Synth. 1967, 47, 16. 
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A 50 mL flask equipped with a magnetic stir bar and a reflux condenser was charged with 
lithium aluminum hydride (233 mg, 5.84 mmol, 0.29 equiv), and cooled in an ice water bath. 
Diethyl ether (6 mL) was added carefully, and the suspension was heated at reflux for 30 
minutes. 
In a separate 250 mL flask equipped with a magnetic stir bar and a reflux condenser, 
aluminum chloride (2.73 g, 20.5 mmol. 1.03 equiv) was cooled in an ice water bath and 
suspended in diethyl ether (20 mL), and the lithium aluminum hydride suspension was added 
dropwise over 10 minutes, followed by a diethyl ether rinse (4 mL). The reaction was warmed to 
room temperature and stirred for 30 minutes. A solution of 4-tert-butylcyclohexanone (3.08 g, 
20.0 mmol, 1.00 equiv) in diethyl ether (16 mL) was added over a period of 1 hour, and then the 
reaction was heated at reflux for 2 hours. After cooling to room temperature, tert-butanol (0.40 
mL, 4.2 mmol, 0.21 equiv) was added, and the reaction was heated at reflux for 30 minutes, 
cooled to room temperature, treated with another solution of 4-tert-butylcyclohexanone (120 mg, 
0.78 mmol, 0.039 equiv), again heated at reflux for 4 hours, and allowed to stand at room 
temperature overnight. In the morning, the reaction was cooled in an ice water bath and treated 
sequentially with water (10 mL) and 10% H2SO4 (10 mL), turning the yellow-grey solution 
white, then yellow. The aqueous layer was extracted with diethyl ether (20 mL). The combined 
organic layers were washed with water (15 mL) and brine (15 mL), dried over anhydrous 
MgSO4, and concentrated to afford a cream-colored solid (3.24 g). Recrystallization from 
petroleum ether (10 mL) and washing with cold petroleum ether (20 mL) provided the title 
compound as an amorphous white solid (2.24 g, 72% yield). 1H NMR (400 MHz, CDCl3) δ 3.51 
AlH3










(tt, J = 10.9, 4.4 Hz, 1H, CHOH), 2.01 (m, 2H, HOCH(CHaHb)2), 1.78 (m, 2H, 
HOCH(CHaHb)2)), 1.44 (br s, 1H, OH), 1.22 (m, 2H, (CH3)3CH(CHaHb)2), 1.11 – 0.91 (m, 3H), 




In a 250 mL flask containing a magnetic stir bar, a solution of trans-4-octene (3.5 mL, 22 mmol, 
1.0 equiv) in CH2Cl2 (55 mL) was cooled in an ice water bath and treated with m-CPBA (5.76 g, 
77 wt%, 25.7 mmol, 1.2 equiv) The reaction was allowed to warm to room temperature over 6 
hours, and was quenched with sat. aq. Na2S2O3 (50 mL). The resulting white slurry was extracted 
with diethyl ether (100 mL, 2 x 50 mL) and the combined organic extracts were washed with sat. 
aq. Na2CO3 (3 x 25 mL). The combined aqueous washes were re-extracted with diethyl ether (30 
mL), and the combined organic layers were washed with brine (25 mL that had been dried over 
anhydrous Na2SO4 for 1 hour), dried over anhydrous MgSO4, and gently concentrated to afford a 
pale yellow oil (6.07 g) that was determined by 1H NMR analysis to be a 100:62:81 mixture of 
the title compound, diethyl ether, and CH2Cl2. This material was used directly in the next step. 
1H NMR (300 MHz, CDCl3) δ 2.66 (t, J = 4.6 Hz, 2H, 2 x CHO), 1.60 – 1.35 (m, 8H, 2 x 
CH2CH2), 0.96 (m, 6H, 2 x CH3). 
                                                
(26) Denmark, S. E.; Burk, M. T.; Hoover, A. J. J. Am. Chem. Soc. 2010, 132, 1232. 
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In a 500 mL flask containing a magnetic stir bar, a solution of all the material (≤ 22 mmol) from 
the previous step in CH2Cl2 (200 mL) was treated with tetrachlorosilane (25.0 mL, 1.0 M in 
CH2Cl2, 25 mmol, ≥ 1.1 equiv). After 15 hours, the reaction was quenched with sat aq. KF (40 
mL) and sat. aq. NaHCO3 (200 mL) and stirred vigorously for 5.5 hours. The solution was 
extracted with tert-butyl methyl ether (5 x 50 mL), and the combined organic extracts were dried 
over anhydrous MgSO4 and concentrated to afford a pale yellow oil (4.62 g). Flash 
chromatography (0% → 10% diethyl ether/hexanes) on silica gel (225 mL) gave a pale yellow 
oil that was distilled (23-68 °C/hi-vac) to provide the title compound as a clear, colorless oil 
(2.44 g, 67% yield over 2 steps). 1H NMR (400 MHz, CDCl3) δ 4.02 (m, 1H, CHOH), 3.75 (m, 
1H, CHCl), 1.94 (d, J = 6.4 Hz, 1H, OH), 1.77 – 1.31 (m, 8H), 0.95 (2 x d, J = 7.1, 6H, 2 x 




A 1 L flask under an atmosphere of hydrogen containing a magnetic stir bar was charged with 
pentane (200 mL), Lindlar’s catalyst (1.00 g, 12 wt%), quinoline28 (6.75 mL, 57.1 mmol, 0.78 
                                                
(27) Hastings, D. J.; Weedon, A. C. Can. J. Chem. 1991, 69, 1171. 
(28) Dried over anhydrous Na2SO4 and freshly distilled from Zn dust (121 °C/26 mmHg). 
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equiv), and 4-octyne (10.75 mL, 73.26 mmol, 1.00 equiv) After 20 hours, the solution was 
decanted and washed with pentane (3 x 30 mL), filtered, concentrated at 0 °C to a volume of ~30 
mL, and distilled from CaH2 under argon. Since the distillate contained a small amount of 
quinoline, it was diluted with pentane (100 mL) washed with 1 M HCl (2 x 20 mL) and water (40 
mL), dried over anhydrous MgSO4, and concentrated at 0 °C to a volume of ~10 mL (9.94 g), 
determined by 1H NMR analysis to be a 1.0:1.0 mixture of the title compound and pentane, 
corresponding to a 74% yield (54 mmol). 1H NMR (300 MHz, CDCl3) δ 5.37 (m, 2H, CH=CH), 
2.01 (m, 4H, 2 x CHCH2), 1.41 – 1.27 (m, 10 H, 4H from 36 and 6H from pentane), 0.89 (m, 




In a 500 mL flask containing a magnetic stir bar, a solution of all the material (54 mmol, 1.0 
equiv) from the previous step in CH2Cl2 (150 mL) was cooled in an ice water bath and treated 
with m-CPBA (14.3 g, 77 wt%, 63.9 mmol, 1.2 equiv) The reaction was allowed to warm to 
room temperature over 6 hours, and was quenched with sat. aq. Na2S2O3 (100 mL). The resulting 
white slurry was extracted with diethyl ether (3 x 110 mL) and the combined organic extracts 
were washed with sat. aq. NaHCO3 (3 x 60 mL). The combined aqueous washes were re-
extracted with diethyl ether (60 mL), and the combined organic layers were washed with brine 
(60 mL), dried over anhydrous MgSO4, and concentrated to afford a white solid (primarily m-
CPBA). The residue was re-dissolved in diethyl ether (175 mL) and washed with 60% sat. aq. 
Na2CO3 (3 x 50 mL). The last 3 combined aqueous washes were re-extracted with diethyl ether 
Me
m-CPBA











(60 mL), and the combined organic layers were washed with brine (35 mL), dried over 
anhydrous MgSO4, and concentrated to afford a pale yellow oil that was determined by 1H NMR 
analysis to be a 100:17:9 mixture of the title compound, diethyl ether, and CH2Cl2, with the 
epoxide in a 97:3 cis/trans ratio. This material was used directly in the next step. 1H NMR (300 





In a 1 L flask containing a magnetic stir bar, a solution of all the material from the previous step 
(≤ 54 mmol) in CH2Cl2 (500 mL) was treated with tetrachlorosilane (7.2 mL, 63 mmol, ≥ 1.2 
equiv). After 14 hours, the reaction was quenched with sat aq. KF (50 mL) and sat. aq. NaHCO3 
(200 mL) and stirred vigorously for 10 hours. The solution was extracted with tert-butyl methyl 
ether (3 x 100 mL) and diethyl ether (2 x 100 mL), and the combined organic extracts were dried 
over anhydrous MgSO4 and concentrated to afford a pale yellow oil. Flash chromatography (0% 
→ 5% diethyl ether/hexanes) on silica gel (500 mL) afforded 5-chloro-4-octanol, although the 
last 60% of the product-containing fractions was contaminated with ≥ 5% of the anti isomer as 
judged by 1H NMR analysis. These combined fractions gave the title compound a pale yellow oil 
(1.22 g, 14% yield, 92:8 syn/anti), whereas the earlier fractions were distilled (65-68 °C/hi-vac) 
to provide the title compound as a clear, colorless oil (2.72 g, 31% yield over 2 steps, 98:2 
syn/anti). 1H NMR (500 MHz, CDCl3) δ 3.92 (qt, J = 4.4 Hz, 1H, CHOH), 3.63 (st, J = 4.0 Hz, 
1H, CHCl), 1.87 – 1.75 (m, 3H, OH and OHCHCH2), 1.64 – 1.35 (m, 6H), 0.95 (m, 6H, 2 x 
MeMe
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In a 250 mL flask containing a magnetic stir bar, Pd(PPh3)4 (200 mg, 0.17 mmol, 0.0025 equiv) 
was suspended in tetrahydrofuran (70 mL) and treated with with trichlorosilane (6.75 mL, 66.9 
mmol, 1.0 equiv) The reaction was cooled to -78 °C, and 1,3-butadiene (10 mL, 110 mmol, 1.6 
equiv) was transferred by cannula from a graduated cylinder in which the gas had been 
condensed at -78 °C. The reaction was warmed to room temperature and monitored by 1H NMR 
analysis (10 µL aliquots dissolved in CDCl3). After 26 hours, the reaction was distilled under 
argon, and the fraction boiling at 142 °C (~ 5 mL) contained the title compound in 85-90% purity 
as judged by 1H NMR analysis. This material was used directly in the next step without further 
purification. 1H NMR (300 MHz, CDCl3) δ 5.72 (m, 1H, CHCH2), 5.42 (m, 1H, CHCH3), 2.35 




In a 250 mL flask containing a magnetic stir bar, a solution of hydrocinnamaldehyde (2.1 mL, 16 
mmol, 1.0 equiv) in dimethylformamide was cooled in an ice water bath and treated with the 
                                                
(29) Tsuji, J.; Hara, M.; Ohno, K. Tetrahedron 1974, 30, 2143. 
(30) Kobayashi, S.; Nishio, K. J. Org. Chem. 1994, 59, 6620. 
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used directly in next step 
(±)-86 





crude silane 100 (3.5 mL, 22 mmol, 1.4 equiv assuming 100% purity). After 3 hours, the reaction 
was quenched with sat. aq. NaHCO3 (40 mL) and extracted with diethyl ether (3 x 100 mL). The 
combined organic extracts were washed with water (100 mL) and brine (50 mL), dried over 
anhydrous MgSO4, and concentrated to afford a clear, colorless oil (3.98 g). Flash 
chromatography (5% → 10% ethyl acetate/hexanes) on silica gel (250 mL) provided the title 
compound as a pale yellow oil (2.59 g, 85% yield). 1H NMR (500 MHz, CDCl3) δ 7.31 (m, 2H, 
ArH), 7.21 (m, 3H, ArH), 5.80 (m, 1H, CH=CH2), 5.12 (d, J = 6.6 Hz, 1H, CH=CHaHb), 5.09 (s, 
1H, CH=CHaHb), 3.54 (m, 1H, CHOH), 2.88 (m, 1H, HOCHCHaHb), 2.68 (m, 1H, 
HOCHCHaHb), 2.32 (sx, J = 6.6 Hz, 1H, CHCH3), 1.88 – 1.81 (m, 1H, PhCHaHb), 1.74 – 1.70 
(m, 1H, PhCHaHb), 1.59 (s, 1H, OH), 1.06 (d, J = 6.9 Hz, 3H, CH3). 13C NMR (125 MHz, 
CDCl3) δ 142.3, 140.9, 128.6, 128.5, 125.9, 115.6, 74.2, 43.8, 36.0, 32.6, 14.4. 
trans-N-Benzoyl-4-hydroxy-L-proline methyl ester (87):31 
 
 
In a 250 mL flask containing a magnetic stir bar, trans-4-hydroxy-L-proline methyl ester 
hydrochloride (2.00 g, 11.0 mmol, 1.00 equiv) was dissolved in water (5 mL) and 
tetrahydrofuran (5 mL). Solid NaHCO3 (2.05 g, 24.4 mmol, 2.22 equiv) was added in small 
portions over 5 minutes, the reaction was cooled in an ice water bath, and a solution of benzoyl 
chloride (1.41 mL, 12.1 mmol, 1.10 equiv) in tetrahydrofuran (4 mL) was added dropwise over 5 
                                                
(31) Baldwin, J. E.; Bamford, S. J.; Fryer, A. M.; Rudolph, M. P. W.; Wood, M. E. 
Tetrahedron 1997, 53, 5233. 
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minutes. After 2 hours, the tetrahydrofuran was evaporated, and the solution was extracted with 
CH2Cl2 (4 x 10 mL). The combined organic extracts were washed with brine (20 mL), dried over 
anhydrous MgSO4, and concentrated to afford a white solid. Recrystallization from benzene (175 
mL) provided the title compound as an amorphous white solid (1.95 g, 71% yield). 
Concentration of the mother liquor and recrystallization of the residue gave a further crop of the 
product (549 mg, 20 % yield). 1H NMR (400 MHz, CD3OD, 85:15 mixture of conformers) δ 
7.64 – 7.36 (m, 5H, ArH), 4.82 (s, 1H, OH), 4.75 (t, J = 8.6 Hz, 0.85H, NCH), 4.65 (t, J = 7.8 
Hz, 0.15H, NCH), 4.49 (s, 0.15H, CHOH), 4.41 (s, 0.85H, CHOH), 3.82 (dd, J = 1.4, 3.7 Hz, 
0.85H, NCHaHb), 3.78 (s, 2.55H, CO2CH3), 3.72 (dd, J = 12.6, 4.2 Hz, 0.15H, NCHaHb), 3.42 
(m, 1H and 0.45 H, NCHaHb and CO2CH3), 2.40 – 2.32 (m, 1H, NCHCHaHb), 2.11 (ddd, J = 
13.5, 9.5, 4.3 Hz, 1H, NCHCHaHb). 13C NMR (100 MHz, CD3OD) δ 174.3, 172.4, 136.9, 131.8, 
131.3 (minor), 129.6, 128.4, 128.0 (minor), 71.0, 69.4 (minor), 61.4 (minor), 59.4, 59.2, 56.2 
(minor), 52.9, 52.8 (minor), 40.7 (minor), 38.6. 
Optimization Procedures 
Cyclopropenone-mediated inversion of alcohols with mesylate ion (Table 2): 
 
 
In a 2 dram vial containing a magnetic stir bar, a solution of diphenylcyclopropenone (0.10 
mmol, 1.0 equiv) and Ms2O in CDCl3 (0.40 mL) was stirred for 10-15 minutes at the indicated 
temperature, and a solution of alcohol 7 (0.10 mmol, 1.0 equiv) and base (0.105 mmol, 1.05 
equiv) in CDCl3 was added in one portion. The concentration of the latter solution had been 
adjusted to bring the total alcohol concentration in the reaction vial to the value indicated in the 
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table. Once the starting material was consumed (TLC analysis), the reaction was diluted with 
ethyl acetate (15 mL), washed with 1 M HCl (3 x 10 mL), sat. aq. NaHCO3 (10 mL), and brine 
(10 mL), dried over anhydrous MgSO4, and concentrated. The residue was purified by flash 
chromatography on silica gel to afford the product as a yellow oil. 
Cyclopropenone-catalyzed substitution of alcohols with mesylate ion (Table 3): 
 
In a 2 dram vial containing a magnetic stir bar, a solution of diphenylcyclopropenone and Ms2O 
(0.15 mmol, 1.5 equiv) in CDCl3 (0.64 mL) was stirred for 10-15 minutes at 55 °C, and a 
solution of alcohol 7 (0.10 mmol, 1.0 equiv) and triisobutylamine (0.095 mmol, 0.95 equiv) in 
CDCl3 (0.36 mL) was added in one portion or over the indicated period by syringe pump. Upon 
completion of the addition, further triisobutylamine (6.0 µL, 0.025 mmol, 0.25 equiv) was added 
in one portion. Once the starting material was consumed (TLC analysis), the reaction was diluted 
with ethyl acetate (15 mL), washed with 1 M HCl (3 x 10 mL), sat. aq. NaHCO3 (10 mL), and 
brine (10 mL), dried over anhydrous MgSO4, and concentrated. The residue was purified by 
flash chromatography on silica gel to afford the product as a yellow oil. 
General Procedures for the Mesylation of Secondary Alcohols 
General procedure A (with retention of stereochemistry): 
 
A solution of alcohol (1.0 equiv, 0.15 M in CH2Cl2) was cooled in an ice water bath and treated 



















starting material was consumed (TLC analysis), the reaction was diluted with ethyl acetate, 
washed with 50% sat. aq. NaHCO3 and brine, dried over anhydrous MgSO4, and concentrated. 
The residue was purified by flash chromatography on silica gel. 
General procedure B (unhindered alcohols with inversion of stereochemistry, 
stoichiometric in cyclopropenone): 
 
In a vial or flask containing a magnetic stir bar, a solution of cyclopropenone (1.0 equiv) and 
Ms2O (1.2 equiv) in CHCl3 was stirred for 10-15 minutes at 55 °C, and a solution of alcohol (1.0 
equiv) and triisobutylamine (1.05 equiv) in CHCl3 was added in one portion. The concentration 
of the latter solution had been adjusted to bring the total alcohol concentration in the reaction vial 
to 0.05 M. Once the starting material was consumed (TLC analysis), the reaction was diluted 
with ethyl acetate, washed with 1 M HCl (3 x), sat. aq. NaHCO3, and brine, dried over anhydrous 
MgSO4, and concentrated. The residue was purified by flash chromatography on silica gel. 
General procedure C (unhindered alcohols with inversion of stereochemistry, catalytic in 
cyclopropenone): 
 
In a 2 dram vial containing a magnetic stir bar, a solution of cyclopropenone (0.015 mmol, 0.15 
equiv) and Ms2O (0.15 mmol, 1.5 equiv) in CHCl3 (0.64 mL) was stirred for 10-15 minutes at 55 
°C, and a solution of alcohol (0.10 mmol, 1.0 equiv) and triisobutylamine (0.095 mmol, 0.95 























addition, further triisobutylamine (6.0 µL, 0.025 mmol, 0.25 equiv) was added in one portion. 
Once the starting material was consumed (TLC analysis), the reaction was diluted with ethyl 
acetate (15 mL), washed with 1 M HCl (3 x 10 mL), sat. aq. NaHCO3 (10 mL), and brine (10 
mL), dried over anhydrous MgSO4, and concentrated. The residue was purified by flash 
chromatography on silica gel. 
General procedure D (hindered alcohols with inversion of stereochemistry): 
 
In a 2 dram vial containing a magnetic stir bar, a solution of cyclopropenone and Ms2O in CHCl3 
was stirred for 10-15 minutes at room temperature, and a solution of alcohol (1.0 equiv) in 
CHCl3 was added in one portion. The concentration of the latter solution had been adjusted to 
bring the total alcohol concentration in the reaction vial to 0.05 M. After the indicated time, 
triisobutylamine (1.05 equiv) was added in one portion, and the reaction was heated to 55 °C. 
Once the starting material was consumed (TLC analysis), the reaction was diluted with ethyl 
acetate, washed with 1 M HCl (3 x), sat. aq. NaHCO3, and brine, dried over anhydrous MgSO4, 
and concentrated. The residue was purified by flash chromatography on silica gel. Stoichiometry 
and reaction time data is summarized in Table S1 (following page). 
Procedure for Scavenging Diphenylcyclopropenone 
 
































the residue from the reaction, prior to chromatography, was dissolved in toluene (1.0 mL per 0.1 
mmol of starting alcohol) and treated with tetraethylenepentamine (2 equiv with respect to 
diphenylcyclopropenone). Once the cyclopropenone was consumed (TLC analysis), the reaction  
 
Table 6. Reaction parameters for mesylation of hindered secondary alcohols (expansion of 





















































































































was diluted with ethyl acetate, washed with 1 M HCl (3 x), 50% sat. aq. NaHCO3, and brine, 
dried over anhydrous MgSO4, and concentrated. The residue was purified by flash 
chromatography on silica gel. 
Data for Methanesulfonate Ester Products 
(S)-9-Benzyloxy-2-mesyloxynonane: From alcohol 74, general procedure A (2 hours) afforded 
a yellow oil (17.6 mg, 92% yield). 1H NMR (400 MHz, CDCl3) δ 
7.37 – 7.25 (m, 5H, ArH), 4.79 (m, 1H, CHOMs), 4.50 (s, 2H, 
OCH2Ph), 3.46 (t, J = 6.6 Hz, 2H, CH2OBn), 2.98 (s, 3H, OSO2CH3), 1.74 – 1.67 (m, 1H, 
MsOCHCHaHb), 1.64 – 1.56 (m, 3H, MsOCHCHaHb and CH2CH2OBn), 1.47 – 1.26 (m, 11H). 
13C NMR (100 MHz, CDCl3) δ 138.8, 128.5, 127.8, 127.6, 80.5, 73.0, 70.6, 38.8, 36.8, 29.9, 
29.4, 29.4, 26.3, 25.2, 21.4. LRMS (APCI+) for C17H28O4S [MH]+ calcd m/z 329.17, found 
329.08. IR (KBr, thin film) ν = 3030 (m), 2932 (s), 2857 (s), 1455(m), 1348 (s), 1261 (m), 1175 
(s), 1102 (s), 1027 (m), 970 (m), 801 (m), 739 (m), 699 (m), 530 (m) cm-1. [α]20D = +4.9 (c 0.5, 
CDCl3). HPLC analysis: Chiralcel OD (hexane/isopropanol = 97.5:2.5, 1.0 mL/min, 26.5 °C, 210 
nm), tR = 22.2 min (major), > 99:1 ee. 
(R)-9-Benzyloxy-2-mesyloxynonane (Table 4, entry 1): From alcohol 74, general procedure B 
(7.5 hours) afforded the title compound (15.1 mg, 91% yield). 
HPLC analysis: Chiralcel OD (hexane/isopropanol = 97.5:2.5, 1.0 
mL/min, 26.5 °C, 210 nm), tR = 23.1 min (minor), 29.9 min (major), 94% ee. 
From alcohol 74, general procedure C (30 minutes after the last reagent was added) afforded the 
title compound (24.6 mg, 75% yield). HPLC analysis: Chiralcel OD (hexane/isopropanol = 











(R)-6-Chloro-2-mesyloxyhexane: From alcohol 75, general procedure A (1.5 hours) afforded a 
clear, colorless oil (216 mg, 94% yield). 1H NMR (400 MHz, CDCl3) δ 4.82 
(sx, J = 6.2 Hz, 1H, CHOMs), 3.55 (t, J = 6.5 Hz, 2H, CH2Cl), 3.01 (s, 3H, 
OSO2CH3), 1.89 – 1.48 (m, 6H), 1.43 (d, J = 6.3 Hz, 3H, CH3CHOMs). 13C NMR (100 MHz, 
CDCl3) δ 79.8, 44.7, 38.9, 36.0, 32.2, 22.6, 21.3. Elemental analysis calcd 39.16% C, 7.04% H 
for C7H15ClO3S, found 39.44% C, 7.04% H. IR (KBr, thin film) ν = 2945 (m), 2871 (w), 
1455(w), 1344 (s), 1175 (s), 1128 (w), 972 (m), 913 (s), 797 (w), 751 (w), 720 (w), 649 (w), 531 
(m) cm-1. [α]20D = -5.3 (c 0.5, CDCl3). For HPLC analysis, the product (10.8 mg, 0.050 mmol, 1.0 
equiv) was dissolved in tetrahydrofuran (0.25 mL), cooled in an ice water bath, and treated 
sequentially with thiophenol (5.1 µL, 0.050 mmol, 1.0 equiv) and DBU (15.0 µL, 0.10 mmol, 2.0 
equiv) The reaction was warmed to room temperature, and after 2 hours was diluted with 2:1 
ethyl acetate/hexanes (10 mL), washed with water (5 mL) and brine (5 mL), dried over 
anhydrous MgSO4, and concentrated. Flash chromatography on silica gel afforded an inseparable 
mixture (9.4 mg) of unreacted 6-chloro-2-mesyloxyhexane (19% yield) and 2-mesyloxy-6-
(phenylthio)hexane (51% yield) according to 1H NMR analysis, the latter of which was the only 
species detectable by UV-Vis spectroscopy. HPLC analysis: Chiralcel OD (hexane/isopropanol = 
97.6:2.4, 1.0 mL/min, 26.5 °C, 254 nm), tR = 41.5 min (major), > 99% ee. 
(S)-6-Chloro-2-mesyloxyhexane (Table 4, entry 2): From alcohol 75, general procedure B (3 
hours) afforded the title compound (10.1 mg, 92% yield). The product was 
derivatized as described for the reaction with retention of stereochemistry. 
HPLC analysis: Chiralcel OD (hexane/isopropanol = 97.6:2.4, 1.0 mL/min, 26.5 °C, 254 nm), tR 
= 42.2 min (minor), 46.2 min (major), 90% ee. 








title compound (16.5 mg, 77% yield). The product was derivatized as described for the reaction 
with retention of stereochemistry. HPLC analysis: Chiralcel OD (hexane/isopropanol = 97.6:2.4, 
1.0 mL/min, 26.5 °C, 254 nm), tR = 37.2 min (minor), 40.2 min (major), 92% ee. 
(R)-2-Mesyloxy-6-(phenylthio)hexane: From alcohol 76, general procedure A (1.5 hours) 
afforded a colorless oil (82.3 mg, 94% yield). 1H NMR (500 MHz, 
CDCl3) δ 7.33 – 7.26 (m, 4H, ArH), 7.17 (m, 1H, ArH), 4.79 (m, 1H, 
CHOMs), 2.98 (s, 3H, OSO2CH3), 2.93 (t, J = 7.2 Hz, 2H, CH2SPh), 1.77 – 1.46 (m, 6H), 1.41 
(d, J = 6.3 Hz, 3H, CH3CHOMs). 13C NMR (100 MHz, CDCl3) δ 136.7, 129.2, 129.0, 126.0, 
80.0, 38.8, 36.3, 33.5, 28.91, 24.4, 21.4. LRMS (APCI+) for C13H20O3S2 [MH]+ calcd m/z 
289.09, found 288.98. IR (KBr, thin film) ν = 2982 (w), 2939 (m), 2863 (w), 1584 (w), 1480 (w), 
1440 (w), 1347 (s), 1175 (s), 970 (m), 913 (s), 807 (w), 742 (m), 693 (m), 530 (m) cm-1. [α]20D = 
-3.8 (c 1.8, CDCl3). 
(S)-2-Mesyloxy-6-(phenylthio)hexane (Table 4, entry 3): From alcohol 76, general procedure 
B (4 hours) afforded the title compound (12.0 mg, 83% yield). HPLC 
analysis: Chiralcel OD (hexane/isopropanol = 97.6:2.4, 1.0 mL/min, 26.5 
°C, 254 nm), tR = 39.5 min (minor), 43.1 min (major), 92% ee. 
From alcohol 76, general procedure C (30 minutes after the last reagent was added) afforded the 
title compound (20.9 mg, 72% yield). HPLC analysis: Chiralcel OD (hexane/isopropanol = 
97.6:2.4, 1.0 mL/min, 26.5 °C, 254nm), tR = 39.4 min (minor), 43.2 min (major), 89% ee. 
(R)-(4-Nitrobenzyl)-6-mesyloxyheptanoate: From alcohol 77, general procedure A (1 hour) 
afforded a colorless oil (92.5 mg, 93% yield) with a small 
amount of an unidentified contaminant. 1H NMR (500 













(sx, J = 6.3 Hz, 1H, CHOMs), 3.00 (s, 3H, OSO2CH3), 2.43 (t, J = 7.4 Hz, 2H, CH2CO2), 1.78 – 
1.59 (m, 4H), 1.54 – 1.38 (m, 5H). 13C NMR (125 MHz, CDCl3) δ 173.0, 147.8, 143.4, 128.5, 
123.9, 79.8, 64.8, 38.8, 36.4, 34.0, 24.7, 24.5, 21.2. LRMS (APCI+) for C15H21NO7S [MH]+ 
calcd m/z 360.10, found 360.42. IR (KBr, thin film) ν = 2943 (m), 2869 (w), 1738 (s), 1607 (m), 
1523 (s), 1457 (w), 1347 (s), 1238 (m), 1173 (s), 1112 (m), 972 (m), 914 (s), 854 (m), 806 (w), 
740 (m), 531 (m) cm-1. [α]20D = -4.8 (c 1.9, CDCl3). HPLC analysis: Chiralcel OD 
(hexane/isopropanol = 90:10, 1.0 mL/min, 23 °C, 265nm), tR = 50.3 min (major), > 99% ee. 
(S)-(4-Nitrobenzyl)-6-mesyloxyheptanoate (Table 4, entry 4): From alcohol 77, general 
procedure B (2.5 hours) followed by the 
diphenylcyclopropenone scavenging procedure (1 hour) 
afforded the title compound (17.7 mg, 98% yield). HPLC analysis: Chiralcel OD 
(hexane/isopropanol = 90:10, 1.0 mL/min, 23 °C, 265 nm), tR = 46.0 min (major), 50.4 min 
(minor), 90% ee. 
From alcohol 77, general procedure C (30 minutes after the last reagent was added) followed by 
the diphenylcyclopropenone scavenging procedure (30 minutes) afforded the title compound 
(29.2 mg, 81% yield). HPLC analysis: Chiralcel OD (hexane/isopropanol = 90:10, 1.0 mL/min, 
23 °C, 265nm), tR = 46.0 min (major), 50.7 min (minor), 94% ee. 
(R)-2-Mesyloxy-6-phthalimidohexane: From alcohol 78, general procedure A (2 hours) 
afforded a white semisolid on standing (98.8 mg, 99% yield). 1H 
NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 5.4, 3.0 Hz, 2H, ArH), 7.72 
(dd, J = 5.5, 3.1 Hz, 2H, ArH), 4.78 (m, 1H, CHOMs), 3.70 (t, J = 
7.1 Hz, 2H, CH2N), 2.99 (s, 3H, OSO2CH3), 1.82 – 1.63 (m, 4H), 1.55 – 1.35 (m, 5H). 13C NMR 












(APCI+) for C15H19NO5S [MH]+ calcd m/z 326.10, found 326.37. IR (KBr, thin film) ν = 2941 
(w), 1771 (w), 1711 (s), 1438 (w), 1399 (m), 1347 (m), 1175 (m), 972 (w), 914 (m), 798 (w), 
721 (m), 530 (w) cm-1. [α]20D = -4.7 (c 2.0, CDCl3). HPLC analysis: 2 consecutive Chiralcel OD 
columns (hexane/isopropanol = 97:3, 1.0 mL/min, 23 °C, 225nm), tR = 88.8 min (major), > 95% 
ee. 
(S)-2-Mesyloxy-6-phthalimidohexane (Table 4, entry 5): From alcohol 78, general procedure 
B (2.5 hours) followed by the diphenylcyclopropenone scavenging 
procedure (1.5 hours) afforded the title compound (12.6 mg, 77% 
yield). HPLC analysis: 2 consecutive Chiralcel OD columns 
(hexane/isopropanol = 97:3, 1.0 mL/min, 23 °C, 225 nm), tR = 81.3 min (major), 86.4 min 
(minor), 91% ee. 
From alcohol 78, general procedure C (30 minutes after the last reagent was added) followed by 
the diphenylcyclopropenone scavenging procedure (2 hours) afforded the title compound (24.4 
mg, 74% yield). HPLC analysis: 2 consecutive Chiralcel OD columns (hexane/isopropanol = 
97:3, 1.0 mL/min, 23 °C, 225nm), tR = 84.8 min (major), 89.7 min (minor), 90% ee. 
(R)-2-Mesyloxy-4-phenylbutane:32 From alcohol 67, general procedure A (22 hours) afforded a 
yellow oil (589 mg, 90% yield). 1H NMR (400 MHz, CDCl3) δ 7.29 (m, 2H, 
ArH), 7.21 (m, 3H, ArH), 4.85 (m, 1H, CHOMs), 2.99 (s, 3H, OSO2CH3), 2.81 
– 2.67 (m, 2H, CH2CHOMs), 2.11 – 2.11 (m, 1H, CHaHbPh), 1.98 – 1.89 (m, 1H, CHaHbPh), 
1.47 (d, J = 6.3 Hz, 3H, CH3CHOMs). 13C NMR (100 MHz, CDCl3) δ 140.9, 128.7, 128.5, 
126.3, 79.6, 38.8, 38.4, 31.6, 21.4. HPLC analysis: Chiralcel OD (hexane/isopropanol = 97.7:2.3, 
1.0 mL/min, 26.5 °C, 210 nm), tR = 43.8 min (major), > 99% ee. 
                                                









(S)-2-Mesyloxy-4-phenylbutane (Table 4, entry 6): From alcohol 67, general procedure B (2 
hours) afforded 69 (17.5 mg, 77% yield). HPLC analysis: Chiralcel OD 
(hexane/isopropanol = 97.7:2.3, 1.0 mL/min, 26.5 °C, 210 nm), tR = 32.2 min 
(major), 35.5 min (minor), 91% ee. 
From alcohol 67, general procedure C (1 hour after the last reagent was added) afforded 69 (19.5 
mg, 85% yield). HPLC analysis: Chiralcel OD (hexane/isopropanol = 97.7:2.3, 1.0 mL/min, 26.5 
°C, 210 nm), tR = 31.2 min (major), 34.5 min (minor), 93% ee. 
From alcohol 67, general procedure C (30 minutes after the last reagent was added) was scaled 
up, using 1.00 g of alcohol, adjusting other quantities accordingly, and extending the addition 
time to 48 hours, to afford 69 (1.33 g, 88% yield). HPLC analysis: Chiralcel OD 
(hexane/isopropanol = 97.7:2.3, 1.0 mL/min, 26.5 °C, 210 nm), tR = 51.8 min (major), 58.4 min 
(minor), 92% ee. 
(R)-3-Mesyloxy-1-phenylpentane: From alcohol 79, general procedure A (2.5 hours) afforded a 
clear, colorless oil (111 mg, 91% yield). 1H NMR (400 MHz, CDCl3) δ 7.33 
– 7.27 (m, 2H, ArH), 7.20 (dt, J = 6.8, 2.8 Hz, 3H, ArH), 4.73 (1t, J = 6.0 Hz, 
1H, CHOMs), 3.00 (s, 3H, OSO2CH3), 2.83 – 2.66 (m, 2H, CH2CH2CHOMs), 2.10 – 1.95 (m, 
2H, MsOCHCH2CH3), 1.84 – 1.76 (m, 2H, CH2Ph), 1.00 (t, J = 7.4 Hz, 3H, CH2CH3). 13C NMR 
(100 MHz, CDCl3) δ 141.1, 128.7, 128.5, 126.3, 84.5, 38.8, 35.7, 31.4, 27.6, 9.3. Elemental 
analysis calcd 59.47% C, 7.49% H for C12H18O3S, found 59.69% C, 7.42% H. IR (KBr, thin 
film) ν = 3027 (w), 2938 (w), 2883 (w), 2878 (m), 1496 (w), 1455 (w), 1340 (s), 1172 (s), 969 
(w), 907 (s), 776 (w), 745 (w), 700 (m), 527 (w) cm-1. [α]20D = +0.42 (c 3.0, CDCl3). HPLC 
analysis: Chiralcel OD (hexane/isopropanol = 97:3, 1.0 mL/min, 26.5 °C, 210 nm), tR = 17.8 min 









(S)-3-Mesyloxy-1-phenylpentane (Table 4, entry 7): From alcohol 79, general procedure B (4 
hours) afforded the title compound (20.5 mg, 84% yield). HPLC analysis: 
Chiralcel OD (hexane/isopropanol = 97:3, 1.0 mL/min, 26.5 °C, 210 nm), tR 
= 15.7 min (major), 17.7 min (minor), 92% ee. 
From alcohol 79, general procedure C (1 hour after the last reagent was added) afforded the title 
compound (20.1 mg, 83% yield). HPLC analysis: Chiralcel OD (hexane/isopropanol = 97:3, 1.0 
mL/min, 26.5 °C, 210 nm), tR = 15.7 min (major), 17.7 min (minor), 87% ee. 
(R)-3-Mesyloxy-4-methyl-1-phenylpentane: From alcohol 80, general procedure A (2.5 hours) 
afforded a clear, colorless oil (258 mg, 99% yield). 1H NMR (400 MHz, 
CDCl3) δ 7.33 – 7.27 (m, 2H, ArH), 7.23 – 7.18 (m, 3H, ArH), 4.64 (dt, J = 
7.7, 4.6 Hz, 1H, CHOMs), 3.02 (s, 3H, OSO2CH3), 2.80 – 2.76 (m, 1H, CHaHbCHOMs), 2.72 – 
2.66 (m, 1H, CHaHbCHOMs), 2.12 – 1.93 (m, 3H, CH2Ph and CH(CH3)2), 1.01 (d, J = 6.9 Hz, 
3H, CH(CH3)a(CH3)b), 0.97 (d, J = 6.9 Hz, 3H, CH(CH3)a(CH3)b). 13C NMR (100 MHz, CDCl3) 
δ 141.2, 128.7, 128.5, 126.3, 88.0, 38.9, 32.9, 31.8, 31.7, 17.9, 17.7. Elemental analysis calcd 
60.91% C, 7.86% H for C13H20O3S, found 61.18% C, 7.59% H. IR (KBr, thin film) ν = 3028 
(m), 2967 (s), 2940 (m), 2878 (m), 1496 (m), 1456 (m), 1336 (s), 1173 (s), 970 (m), 909 (s), 845 
(m), 751 (m), 701 (m), 525 (m) cm-1. [α]20D = +8.5 (c 2.5, CDCl3). HPLC analysis: Chiralcel OD 
(hexane/isopropanol = 99.25:0.75, 1.0 mL/min, 26.5 °C, 210 nm), tR = 18.9 min (major), > 99% 
ee. 
(S)-3-Mesyloxy-4-methyl-1-phenylpentane (Table 4, entry 8): From alcohol 80, general 
procedure B (20 hours) afforded the title compound (17.4 mg, 68% yield). 
HPLC analysis: Chiralcel OD (hexane/isopropanol = 99.25:0.75, 1.0 mL/min, 















From alcohol 80, general procedure C (2 hours after the last reagent was added) afforded the title 
compound (11.7 mg, 45% yield). HPLC analysis: Chiralcel OD (hexane/isopropanol = 
99.25:0.75, 1.0 mL/min, 26.5 °C, 210 nm), tR = 18.9 min (minor), 27.2 min (major), 70% ee. 
Methyl-(2S*,3S*)-3-mesyloxy-2-methyl-3-(4-nitrophenyl)propanoate: From alcohol 81, 
general procedure A (3 hours) afforded an amorphous yellow solid 
(210 mg, 100% yield). 1H NMR (400 MHz, CDCl3) δ 8.25 (m, 2H, 
ArH), 7.57 (d, J = 8.7 Hz, 2H, ArH), 5.94 (d, J = 6.5 Hz, 1H, 
CHOMs), 3.63 (s, 3H, CO2CH3), 2.97 (qt, J = 6.9 Hz, 1H, CHCH3), 2.94 (s, 3H, OSO2CH3), 
1.31 (d, J = 7.1 Hz, 3H, CHCH3). 13C NMR (100 MHz, CDCl3) δ 172.4, 148.3, 144.4, 127.7, 
124.1, 81.9, 52.4, 46.3, 39.0, 12.4. LRMS (FAB+) for C12H15NO7S [MH]+ calcd m/z 318.06, 
found 318.26. IR (KBr, thin film) ν = 2949 (w), 1737 (s), 1608 (w), 1526 (s), 1461 (w), 1351 (s), 
1266 (w), 1207 (m), 1176 (s), 947 (s), 860 (s), 830 (m), 701 (w), 525 (m) cm-1. 
Methyl-(2S*,3R*)-3-mesyloxy-2-methyl-3-(4-nitrophenyl)propanoate (Table 5, entry 1): 
Following general procedure D, a solution of alcohol 81 (0.10 mmol, 
1.0 equiv) and triisobutylamine (0.105 mmol, 1.05 equiv) in CHCl3 
(1.0 mL) was added to solution of bis-(para-
methoxyphenyl)cyclopropenone (0.11 mmol, 1.1 equiv), and Ms2O (0.18 mmol, 1.8 equiv) in 
CHCl3 (1.0 mL) and stirred at 55 °C for 18 hours. The general workup afforded an amorphous 
yellow solid (22.7 mg, 72% yield). 1H NMR (400 MHz, CDCl3) δ 8.28 (m, 2H, ArH), 7.58 (m, 
2H, ArH), 5.72 (d, J = 9.7 Hz, 1H, CHOMs), 3.79 (s, 3H, CO2CH3), 3.04 (m, 1H, CHCH3), 2.94 
(s, 3H, OSO3CH3), 0.99 (d, J = 7.2 Hz, 3H, CHCH3). 13C NMR (100 MHz, CDCl3) δ 173.3, 
148.6, 143.5, 128.4, 124.3, 83.2, 52.6, 45.7, 38.8, 13.9. LRMS (FAB+) for C12H15NO7S [MH]+ 














1461 (w), 1351 (s), 1203 (m), 1175 (s), 944 (s), 859 (s), 833 (m), 696 (w), 527 (m) cm-1. Crude 
1H NMR analysis: > 98:2 anti/syn. 
Methyl-(2S*,3S*)-3-mesyloxy-2-methyl-3-phenylpropanoate: 33  From alcohol 82, general 
procedure A (2 hours) afforded a yellow oil (48.5 mg, 79% yield). 1H NMR 
(300 MHz, CDCl3) δ 7.38 (m, 5H, ArH), 5.76 (d, J = 7.7 Hz, 1H, 
CHOMs), 3.56 (s, 3H, CO2CH3), 3.02 (qt, J = 7.1 Hz, 1H, CHCH3), 2.71 (s, 3H, OSO2CH3), 
1.37 (d, J = 7.0 Hz, 3H, CHCH3). 13C NMR (125 MHz, CDCl3) δ 172.8, 136.9, 129.4, 129.0, 
127.1, 84.5, 52.1, 46.8, 39.2, 13.4. 
Methyl-(2S*,3R*)-3-mesyloxy-2-methyl-3-phenylpropanoate (Table 5, entry 2): Following 
general procedure D, a solution of alcohol 82 (0.20 mmol, 1.0 equiv) and 
triisobutylamine (0.210 mmol, 1.05 equiv) in CHCl3 (2.0 mL) was added to 
solution of bis-(para-methoxyphenyl)cyclopropenone (0.22 mmol, 1.1 equiv), and Ms2O (0.36 
mmol, 1.8 equiv) in CHCl3 (2.0 mL) and stirred at 55 °C for 7 hours. The general workup 
afforded a yellow oil (41.0 mg) that was 87% pure based on a Bn2O internal standard (66% 
yield). 1H NMR (400 MHz, CDCl3) δ 7.52 – 7.30 (m, 5H, ArH), 5.64 (d, J = 10.1 Hz, 1H, 
CHOMs), 3.78 (s, 3H, CO2CH3), 3.07 (m, 1H, CHCH3), 2.69 (s, 3H, OSO2CH3), 0.96 (d, J = 7.2 
Hz, 3H, CHCH3). 13C NMR (100 MHz, CDCl3) δ 173.9, 136.0, 129.8, 129.2, 127.7, 85.6, 52.4, 
46.0, 39.1, 14.0. IR (KBr, thin film) ν = 3033 (w), 2986 (w), 2951 (w), 1738 (s), 1458 (m), 1438 
(m), 1359 (s), 1270 (m), 1202 (m), 1175 (s), 1081 (w), 1053 (w), 975 (m), 942 (s), 921 (s), 844 
(m), 768 (w), 704 (m), 609 (w), 527 (m) cm-1. Crude 1H NMR analysis: 88:12 anti/syn. 
 
 
                                                














trans-4-tert-Butylmesyloxycyclohexane:34 From alcohol 83, general procedure A (2.5 hours) 
afforded an amorphous white solid (43.0 mg, 78% yield). 1H NMR (500 
MHz, CDCl3) δ 4.56 (tt, J = 11.4, 4.6 Hz, 1H, CHOMs), 2.99 (s, 3H, 
OSO2CH3), 2.19 (m, 2H, MsOCH(CHaHb)2), 1.86 (m, 2H, MsOCH(CHaHb)2), 1.52 (m, 2H, 
(CH3)3CH(CHaHb)2), 1.12 (qd, J = 13.4, 3.1 Hz, 2H, (CH3)3CH(CHaHb)2), 1.01 (m, 1H, 
CH(CH3)3), 0.85 (s, 9H, CH(CH3)3). 13C NMR (125 MHz, CDCl3) δ 82.4, 46.8, 39.0, 33.4, 32.4, 
27.7, 25.7. 
cis-4-tert-Butylmesyloxycyclohexane (Table 5, entry 3):35 Following general procedure D, a 
solution of alcohol 83 (0.10 mmol, 1.0 equiv) in CHCl3 (1.0 mL) was added 
to a solution of bis-(para-methoxyphenyl)cyclopropenone (0.11 mmol, 1.1 
equiv) and Ms2O (0.15 mmol, 1.5 equiv) in CHCl3 (1.0 mL). After stirring at room temperature 
for 8 hours, triisobutylamine (0.105 mmol, 1.05 equiv) was added, and the reaction was heated to 
55 °C. After 42 hours, the general workup afforded an amorphous pale yellow solid (17.5 mg, 
74% yield). 1H NMR (500 MHz, CDCl3) δ 4.98 (m, 1H, CHOMs), 3.01 (s, 3H, OSO2CH3), 2.13 
(m, 2H, MsOCH(CHaHb)2), 1.64 (m, 2H, MsOCH(CHaHb)2), 1.56 (m, 2H, (CH3)3CH(CHaHb)2), 
1.38 (qd, J = 12.9, 3.1 Hz, 2H, (CH3)3CH(CHaHb)2), 1.04 (tt, J = 12.2, 3.1 Hz, 1H, CH(CH3)3), 
0.86 (d, J = 6.9 Hz, 9H, CH(CH3)3). 13C NMR (125 MHz, CDCl3) δ 79.2, 47.4, 38.8, 32.7 31.9, 
27.6, 21.3. Crude 1H NMR analysis: 97:3 cis/trans. 
 (4R*,5R*)-5-Chloro-4-mesyloxyoctane: Prepared from alcohol 85 according to general 
procedure A (2 hours) as an amorphous white solid (252 mg, 99% 
                                                
(34) Juaristi, E.; Gordillo, B.; Martinez, R.; Toscano, R. A. J. Org. Chem. 1989, 54, 5963. 













yield). 1H NMR (400 MHz, CDCl3) δ 4.78 (qt, J = 4.2 Hz, 1H, CHOMs), 4.06 (dt, J = 9.8, 3.8 
Hz, 1H, CHCl), 3.08 (s, 3H, OSO2CH3), 1.93 – 1.57 (m, 5H), 1.53 – 1.36 (m, 3H), 0.97 (m, 6H, 
2 x CH2CH3). 13C NMR (126 MHz, CDCl3) δ 83.7, 62.3, 38.9, 35.6, 33.1, 19.8, 18.7, 13.8, 13.5. 
Elemental analysis calcd 44.53% C, 7.89% H for C9H19ClO3S, found 44.78% C, 7.96% H. IR 
(KBr, thin film) ν = 2964 (s), 2940 (s), 2876 (m), 1464 (m), 1348 (s), 1176 (s), 971 (s), 924 (s), 
898 (s), 805 (w), 527 (m) cm-1. 
(Table 5, entry 4): Following general procedure D, alcohol 84 (0.10 mmol, 1.0 equiv) was 
treated with a solution of diphenylcyclopropenone (0.18 mmol, 1.8 equiv) and Ms2O (0.25 
mmol, 2.5 equiv) in CHCl3 (2.0 mL). After stirring at room temperature for 48 hours, 
triisobutylamine (0.105 mmol, 1.05 equiv) was added, and the reaction was heated to 55 °C. 
After 30 hours, the general workup afforded the title compound (20.2 mg, 82% yield). Crude 1H 
NMR analysis: 97:3 syn/anti. 
(4S*,5R*)-5-Chloro-4-mesyloxyoctane: Prepared from alcohol 84 according to general 
procedure A (2 hours) as a clear, colorless oil (253 mg, 97% yield). 1H 
NMR (400 MHz, CDCl3) δ 4.81 (dt, J = 8.9, 3.5 Hz, 1H, CHOMs), 
4.15 (dt, J = 9.4, 3.6 Hz, 1H, CHCl), 3.10 (s, 3H, OSO2CH3), 1.96 – 1.83 (m, 1H), 1.79 – 1.51 
(m, 5H), 1.48 – 1.33 (m, 2H), 0.96 (q, J = 7.3 Hz, 6H, 2 x CH2CH3). 13C NMR (125 MHz, 
CDCl3) δ 84.5, 63.6, 39.1, 35.4, 32.8, 20.0, 18.6, 13.8, 13.5. Elemental analysis calcd 44.53% C, 
7.89% H for C9H19ClO3S, found 44.44% C, 7.66% H. IR (KBr, thin film) ν = 2964 (s), 2940 (s), 
2876 (m), 1464 (m), 1349 (s), 1176 (s), 962 (s), 924 (s), 902 (s), 805 (m), 526 (s) cm-1. 
(Table 5, entry 5): Following general procedure D, alcohol 85 (0.10 mmol, 1.0 equiv) was 
treated with a solution of diphenylcyclopropenone (0.18 mmol, 1.8 equiv) and Ms2O (0.25 









triisobutylamine (0.105 mmol, 1.05 equiv) was added, and the reaction was heated to 55 °C. 
After 30 hours, the general workup afforded the title compound (18.6 mg, 75% yield). Crude 1H 
NMR analysis: 95:5 anti/syn. 
trans-N-Benzoyl-4-mesyloxy-L-proline methyl ester:36 From alcohol 87, general procedure A 
(2 hours) afforded an amorphous white solid (595 mg, 90% yield). 1H NMR 
(400 MHz, CD3OD, 80:20 mixture of conformers) δ 7.60 – 7.41 (m, 5H, 
ArH), 5.39 (s, 0.2H, CHOMs), 5.30 (s, 0.8H, CHOMs), 4.80 (m, 1H, NCH), 4.02 (dd, J = 12.6, 
3.6 Hz, 0.8H, NCHaCHb), 3.89 (m, 0.2H, NCHaCHb), 3.80 (m, 3.2H, CO2CH3 and NCHaHb), 
3.44 (s, 0.8H, NCHaHb), 3.19 (s, 0.6 H, OSO2CH3), 3.09 (s, 2.4H, OSO2CH3), 2.73 (ddt, J = 
14.3, 8.0, 2.1 Hz, 1H, NCHCHaHb), 2.37 (ddd, J = 14.1, 9.3, 4.4 Hz, 1H, NCHCHaHb). 
cis-N-Benzoyl-4-mesyloxy-L-proline methyl ester  (Table 5, entry 7):37 Following general 
procedure D, a solution of alcohol 87 (0.20 mmol, 1.0 equiv) in CHCl3 (1.8 
mL) was added to a solution of diphenylcyclopropenone (0.30 mmol, 1.5 
equiv) and Ms2O (0.40 mmol, 2.0 equiv) in CHCl3 (2.2 mL). After stirring at room temperature 
for 24 hours, triisobutylamine (0.21 mmol, 1.05 equiv) was added, and the reaction was heated to 
55 °C. After 24 hours, the general workup afforded an amorphous white solid (50.6 mg, 77% 
yield). 1H NMR (400 MHz, CD3OD, 65:35 mixture of conformers) δ 7.60 – 7.38 (m, 5H, ArH), 
5.38 (s, 0.35H, CHOMs), 5.25 (s, 0.65H, CHOMs), 4.88 (dd, J = 9.3, 3.2 Hz, 0.65H, NCH), 4.65 
(d, J = 8.1 Hz, 0.35H, NCH), 4.10 (dd, J = 14.5, 4.2 Hz, 0.35H, NCH2), 3.96 (d, J = 14.6 Hz, 
0.35H, NCH2), 3.90 (dd, J = 12.3, 5.1 Hz, 0.65H, NCH2), 3.81 (d, J = 14.1 Hz, 0.65H, NCH2), 
                                                
(36) Curran, T. P.; Chandler, N. M.; Kennedy, R. J.; Keaney, M. T. Tetrahedron Lett. 1996, 
37, 1933. 
(37) Angerson, N. G.; Lust, D. A.; Colapret, K. A.; Simpson, J. H.; Malley, M. F.; Gougoutas, 












3.79 (s, 2H, CO2CH3), 3.62 (s, 1H, CO2CH3), 3.09 (m, 3H, OSO2CH3), 2.71 (ddd, J = 14.4, 9.3, 
5.1 Hz, 1H, NCHCHaHb), 2.61 (d, J = 14.2 Hz, 0.65H, NCHCHaHb), 2.49 (d, J = 14.2 Hz, 





Chiral HPLC Data to Determine Optical Purity 
  
Table 4, entry 1 (general procedure B, 94% ee) 
 















Table 4, entry 2 (general procedure B, 90% ee) 
  












Table 4, entry 3 (general procedure B, 92% ee) 
  











Table 4, entry 4 (general procedure B, 90% ee) 
  





















Table 4, entry 5 (general procedure B, 91% ee) 
 















Table 4, entry 6 and Table 2, entry 13 (general procedure B, 91% ee) 
 





















Table 4, entry 7 (general procedure B, 92% ee) 
  















Table 4, entry 8 (general procedure B, 83% ee) 
  


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Higher-Order Cyclopropenimine Superbases 
 
Review of Superbases 
Brønsted bases are an indispensible class of reagents due to the large number of chemical 
reactions that require deprotonation as part of their mechanism. While a wide variety of Brønsted 
bases are available, including organometallic compounds, metal hydrides, and metal alkoxides, a 
notable amount of research over the past two decades has centered on the development of neutral 
Brønsted bases. A primary reason for this attention is that a neutral Brønsted base’s conjugate 
acid is cationic, which generates an electrostatic interaction with the anionic conjugate base of 
the neutral substrate. This interaction facilitates the transfer of stereochemical information, if 
present, from the reagent to the substrate anion, enabling a reagent-controlled stereoselective 
bond formation. If the reaction generates an anion comparably basic to the Brønsted base 
reagent, the latter species is neutralized and thus can function as a catalyst. Enantioselective 
Brønsted base catalysis has accordingly received a significant amount of attention recently.1 
Despite this trend, neutral Brønsted base catalysis remains relatively underdeveloped in 
comparison to Brønsted acid catalysis, and especially Lewis acid catalysis. Part of the reason for 
this incongruity is that simple amines are the most common Brønsted basic functionalities that 
appear in reagents and catalysts, especially in their chiral variants, and their modest basicity 
significantly limits the range of substrates that can be activated. 
To address this limitation, a number of efforts have been made to develop stronger 
neutral Brønsted bases.2 Such entities are called ‘superbases.’ A variety of definitions for this 




work, however, Caubère’s classification is preferred: 
The term ‘superbases’ should only be applied to bases resulting from a mixing of two (or 
more) bases leading to new basic species possessing inherent new properties. The term 
‘superbase’ does not mean a base is thermodynamically and/or kinetically stronger than 
another, instead it means that a basic reagent is created by combining the characteristics 
of several different bases.3 
Organic superbases have generally been designed by combining multiple amino units in a 
synergistic fashion that does indeed typically produce higher thermodynamic basicities than 
these amines would possess in isolation. 
Classes and Basicities 
The most common types of organic superbases are shown in Figure 29, in order of 
increasing basicity. Their initial development, typical basicity values in acetonitrile (for acyclic, 
alkylated variants), and the manner in which their conjugate acids are stabilized are also 
summarized. Proton sponges4-7 are traditionally based on the 1,8-diaminonaphthalene motif,8 and 
while they have the lowest pKBH+ values of these superbases, they are 7-8 orders of magnitude9 
more basic than simple anilines or naphthylamines (pKBH+ of 10-12 in MeCN).9 This enhanced 
basicity is explained by a combination of stereoelectronic considerations, as the two nitrogen 
atoms readily chelate a proton in the conjugate acid, and the repulsion between nitrogen lone 
pairs that occurs in the free base is relieved. Amidines10-15 are 3-4 orders of magnitude16 more 
basic than simple alkylamines (pKBH+ of 18-20 in MeCN)9 because the second nitrogen lone pair 
helps to stabilize the conjugate acid through the conjugated π-system. Guanidines17-22 add a third 






Figure 29. Classes of organic superbases, their introduction as reagents, typical pKBH+ values in 
MeCN, and stabilizing features in their conjugate acids. 
Cyclopropenimines, recently introduced as organic superbases by the Lambert group,25-28 
are analogous to guanidines, but also contain a stabilizing 2π aromatic cyclopropenium ring, 
conferring ~3 pKBH+ units further.25 Phosphazenes 29 - 32  (triamino(imino)phosphoranes) add 
another vicinal, conjugated nitrogen to the guanidine structure through the replacement of the 
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cyclopropenimines.30 Another new class of superbases, the aminoimidazoles, are slightly more 
basic than phosphazenes. 33  These species are similar to cyclopropenimines because their 
conjugate acids are stabilized by three nitrogen lone pairs and a 6π aromatic ring. They also 
release the strain between their syn imino and amino alkyl substituents that are coplanar in the 
free base. Last, Verkade’s proazaphosphatranes34-36 are the strongest members of this group 
(pKBH+ of 32-34 in MeCN).37 The transannular P–N bond is critical in stabilizing the conjugate 
acid: while no solution basicity data was found for hexamethylphosphorus triamide, a structural 
proazaphosphatrane analogue that lacks a tertiary amino group, its gas phase basicity and 
calculated proton affinity38 are close matches for primary alkylamines (pKBH+ of 18-19 in 
MeCN).9 The related iminoproazaphosphatranes have also been reported,35 though their use 
remains limited,39,40 and their pKBH+ values have not been determined. The initial publication35 
found that the permethylated iminoproazaphosphatrane is a stronger base than the permethylated 
phosphazene (pKBH+ of 27.6 in MeCN),30 and theory predicts that the value for the former should 
be 29.0.41 
Synthesis 
In terms of synthesis, the parent proton sponge 1,8-bis(dimethylamino)naphthalene 
(DMAN) is prepared by the alkylation of 1,8-diaminonaphthalene with excess Me2SO4.4 
Amidines and guanidines are the most studied classes of superbases, and a comprehensive 
overview of their syntheses is available elsewhere.2 Some common strategies are shown in 
Scheme 8 and Scheme 9, respectively. Bicyclic amidines11-13 (Scheme 8a) are often prepared by 
the reduction N-cyanoalkyllactams to the corresponding primary amines, followed by 
condensation. Conversion of nitriles or amides to O-ethylimidates or amides to imidoyl chlorides 





Scheme 8. Standard strategies for the preparation of amidines. 
The preparation of guanidines (Scheme 9) typically involves the chlorination of ureas or 
thioureas to chloroformamidinium salts followed by aminolysis with a primary amine. The more 
stable S-methylisothiouronium intermediates are sometimes preferred. 
 
Scheme 9. Standard strategies for the preparation of guanidines. 
Cyclopropenimines are usually prepared from tetrachlorocyclopropene, 42  first by 
treatment with a secondary amine to form an intermediate dichlorocyclopropene in situ, followed 
by addition of a primary amine to provide the cyclopropenimine (Scheme 10). In the first step, 
bulky secondary amines such as diisopropylamine or dicyclohexylamine will only add twice, 
even if > 4 equiv are used at room temperature. Smaller amines will add a third time to generate 

















































reaction with oxalyl chloride to access the dichlorocyclopropene, although reactions with smaller 
amines can also be interrupted at the desired stage by using 4.0 equivalents at low temperatures. 
 
Scheme 10. Synthesis of cyclopropenimines. 
Phosphazenes are usually prepared by one of three routes depending on the nature of the 
desired imino substituent. For small imino groups, the first step is the reaction of a secondary 
amine (6 equiv) with PCl5 to generate a chlorophosphonium intermediate in situ followed by 
addition of the primary amine (Scheme 11a).30 Because larger primary amines fail to react with 
the relatively hindered chlorophosphonium species, they are added to the phosphorus center first 
by refluxing the HCl salt of the primary amine with PCl5 in PCl3 for several days. The 
trichloroiminophosphorane is isolated by distillation and treated with excess secondary amine to 
give the desired phosphazene (Scheme 11b).30 This strategy fails with smaller primary amines 
because the trichloroiminophosphorane dimerizes and leads to oligomeric products. A 
 
 










































Staudinger reaction can also be used31 (Scheme 11c), although this strategy is often reserved for 
circumstances when the first two fail (e.g., when using poorly nucleophilic anilines) since it uses 
potentially explosive azides. 
Aminoimidazole superbases are prepared as shown in Scheme 12.33 Reaction of 3-
hydroxy-2-butanone and an N,N’-dialkylthiourea produces an imidazolethione, which is then 
converted to a chloroimidazolium salt. This species is treated with a primary amine and KF, 
which generates the more reactive fluoroimidazolium salt in situ, to provide the desired 
aminoimidazole. To date, only 4,5-dimethyl analogues have been prepared. 
 
Scheme 12. Synthesis of aminoimidazoles. 
Finally, Scheme 13 shows the synthesis of proazaphosphatranes. Reaction of tris(2-
aminoethyl)amines is most efficient with ClP(NMe2)2,34 which gives the HCl salt of Verkade’s 
base. After deprotonation with KOt-Bu,43 the imino analogue is formed by reaction with an 
organoazide.35 
 
Scheme 13. Synthesis of proazaphosphatranes and iminoproazaphosphatranes. 
Enantioselective Catalysis 






























































amines, the development of effective chiral catalysts, which is the Lambert group’s ultimate 
concern, has been limited to relatively few classes of superbases. Progress in this field is 
reviewed below. More general applications of superbases can be found in the references given 
during the preceding discussion of their basicities. 
Proton sponges have not produced meaningful Brønsted base catalysts, enantioselective 
or otherwise, because their conjugate acids are deprotonated very slowly.44 This kinetic inactivity 
retards the hypothetical catalyst’s ability to re-enter the catalytic cycle, so this platform is 
unlikely to attract much attention. 
Amidines have proven much less effective than guanidines as enantioselective Brønsted 
base catalysts to date. While a handful of chiral versions have appeared over the past two 
decades, these compounds were either poorly enantioselective (≤ 35% ee) in all settings that 
were evaluated,45,46 or were not tested as catalysts.47,48 Because the basicity of such catalysts is a 
critical parameter, it seems improbable, given the higher basicity of guanidines and superior 
record of the latter class in achieving enantioselection, that amidines will receive increased focus 
in the near future. Nonetheless, the achiral bicyclic amidines 1,5-diazabicyclo(4.3.0)non-5-ene 
(DBN)11 and especially 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)12 are sufficiently basic and 
inexpensive that they continue to be the neutral organic bases of choice for a wide variety of 
applications where amine bases are inadequate.49 
Guanidines have been incorporated into a number of different chiral templates to develop 
highly enantioselective Brønsted base catalysts. Figure 30 shows an array of the most effective 
motifs that have been developed. Nájera’s relatively simple C2-symmetric guanidine 10150 
promotes Henry reactions with modest enantioselectivity (54% ee was the best result, and was 




superbase catalysis. Two years later, Lipton identified a highly enantioselective Strecker reaction 
of N-benzyl aldimines with cyclic dipeptide catalyst 102 combining l-phenylalanine and the 
lower homologue of l-arginine.51 The basicity of the guanidine function was critical, because its 
replacement with an imidazole unit eliminated all enantioselectivity. 
In 1999, Corey reported52 C2-symmetric bicyclic guanidine 103 for a reaction similar to 
Lipton’s. Most significantly, this class of chiral guanidines has proven more general. The Tan 
group has prepared Corey-type catalysts that replace the phenyl substituents of 103 with benzyl 
or tert-butyl groups, and have used these guanidines to catalyze enantioselective Diels-Alder 
reactions, 53  alkyne-allene isomerizations, 54  and nucleophilic reactions of a variety of 
pronucleophiles including phosphonates,55- 57 malonates,58 -61  thiols,62 -64  α-fluoro-β-dicarbonyl 
compounds, 65 - 67  α-fluorotetralones, 68 , 69  β,γ-unsaturated carbonyl compounds, 70 , 71  and 
oxindoles.72 
Ishikawa has developed pseudo-C2-symmetric catalyst 104, which contains an alcohol 
derived from (R)-phenylalaninol as a hydrogen bond donor, for Michael reactions of glycine 
imines.73 Nagasawa then introduced pentacyclic guanidine 105 which catalyzes enantioselective 
alkylations of glycine imines under phase-transfer conditions.74 Murphy has shown that a 
tetracyclic analogue of 105 can perform stereoselective epoxidations of α,β-unsaturated 
ketones.75 
In 2006, Terada reported a class of axially chiral guanidines derived from BINOL. 
Catalyst 106 was initially used for the enantioselective addition of malonates to nitroolefins,76 
and a closely related isomeric structure was applied to the α-amination of β-dicarbonyl 
compounds. 77  Terada’s guanidines have also shown some generality as enantioselective 





Figure 30. Enantioselective guanidine catalyst motifs with initial discovery and reactivity. 
α-cyanothioacetates,81 furanone derivatives,82,83 azlactones,84 and α-ketoesters.85 
More recently, Feng introduced guanidine 107 which catalyzes the addition of β-
ketoesters to nitroolefins.86 The intramolecular hydrogen bond between the guanidine and amide 
moieties was critical to the catalyst’s performance. Linking two of these templates with a C2-
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inverse-electron demand hetero-Diels-Alder reactions.87 Sugimura’s bicyclic guanidine 108, 
which contains an alcohol hydrogen bond donor, performs enantioselective transformations of 
oxazolones, including aldol reactions88 and Z-selective Michael reactions with propiolates.89 
Finally, Qu’s tartrate-derived guanidine 109 has enabled α-oxidations of β-dicarbonyl 
compounds.90 
The Lambert group recently disclosed the first use of a chiral cyclopropenimine (110, 
Figure 31) as a Brønsted base catalyst.25 The design was based on Ishikawa’s guanidine73 (104), 
and the increased basicity gave similar enantioselectivities but much greater reactivity in Michael 
reactions with glycine imines. Computational methods and kinetic isotope effects probed the 
mechanism of this reaction in detail,27 while an exploration of catalyst structure-activity 
relationships provided further insights and led to the discovery of improved catalysts.28 A 
Mannich reaction between glycine imines and both aromatic and aliphatic N-Boc aldimines was 
also effective.26 Both reaction types can be scaled without issue. The relatively simple 
preparation of chiral cyclopropenimines is also an advantage compared to more mature 
guanidine and phosphazene catalysts (for 110: 2 steps from commercial material,91 45 g, 99% 
yield, no chromatography).25 Our group is continuing to explore cyclopropenimine catalysis. 
 
Figure 31. Enantioselective Brønsted base catalysis with chiral cyclopropenimines. 
From the initial development of phosphazenes as Brønsted bases,29 it took over 20 years 
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motif pioneered by Ooi has proven effective in a variety of reactions. Some notable examples are 
shown in Figure 32. The initial report described a highly stereoselective Henry reaction catalyzed 
by phosphazene 111,92 and novel outcomes such as a using azlactones in a 1,6-addition to dienyl 
N-acylpyrroles 93  and a Z-selective addition to cyanoacetylene 94  have been possible using 
catalysts 112 and 113. Other applications of this catalyst system include enantioselective 
Mannich reactions of azlactones and N-sulfonyl aldimines, 95  hydrophosphonylation of 
aldehydes96 and ynones,97 Henry reactions with pyruvate98 and ynal99 acceptors, aldol reactions 
with α-hydroxy-α-alkyl phosphonoacetates, 100  oxidation of N-sulfonyl aldimines, 101 , 102  and 
additions of nitroalkanes to vinyl sulfones.103 Additional chiral phosphazenes have been prepared 
by others104 but have yet to be used as effective enantioselective catalysts. 
 
Figure 32. Enantioselective Brønsted base catalysis with chiral phosphazenes. 
To date, no chiral versions of the newer aminoimidazole class of superbases have been 
prepared, though their high basicity and resemblance to guanidines, which have been extensively 
used in asymmetric catalysis, suggests that these compounds have potential in this regard. 
Finally, while a few chiral proazaphosphatranes105-107 and iminoproazaphospha-tranes108 have 
been reported, they have not been used as enantioselective catalysts. 
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Review of Higher-Order Superbases 
Despite the success of superbases as reagents and catalysts as described, reactants still 
must be relatively acidic for deprotonation to be possible. Compounds such as β-dicarbonyl 
compounds, azlactones, phosphonates, and nitroalkanes conspicuously typify the substrates that 
can be activated by superbase catalysis. Possibly the least acidic compound that has been 
engaged by these reagents under normal conditions is benzonitrile109 (pKa of 21.9 in DMSO),110 
and these values are more commonly below 20. Substrates are thus often prepared over many 
steps from commercially available materials, and post-reaction functional group modification is 
often necessary to access desirable products. Ideally, less acidic substrates containing ubiquitous 
functionality would react under Brønsted base catalysis. Therefore, there is a clear impetus to 
develop stronger neutral Brønsted bases. 
Superbases become increasingly basic as further electron-donating substituents such as 
amino groups are appended to the central functionality, as seen in the progression from amidines 
to guanidines and phosphazenes. There are clearly limits on how many atoms can bond directly 
to a structural core, however. Alternately, in analogy to how individual basic moieties are 
combined to generate superbases, these superbases can be strategically assembled to produce 
more extended molecular frameworks that we call ‘higher-order superbases’ (Figure 33). 
 
Figure 33. The principle of higher-order superbases. 
Classification 
















nomenclature to aid in the description and comparison among different classes is proposed. First, 
a dissection of a higher-order superbase’s ‘anatomy’ is necessary. From a functional perspective, 
as depicted in Figure 34, protonation would occur at the central nitrogen atom. We thus refer to 
the central superbasic unit of the molecule as the ‘core’ not only because it is typically located at 
a geometric midpoint, but also because we expect this functionality to exert greater influence 
over the molecule’s properties. The outer superbasic moieties are referred to as ‘substituents’ and 
are viewed as appendages to the core. Finally, while specification of the core and substituents is 
sufficient to describe the class of higher-order superbase, the exact structure of the ‘head group’ 
bonded to the imino nitrogen and the ‘tail groups’ of the substituents would complete the 
description of the molecule. 
 
Figure 34. Higher-order superbase anatomy. 
Second, a nomenclature inspired by phosphazene superbases is used to simplify these 
descriptions. To specify a class of higher-order superbase, a series of two letters followed by a 
subscripted number is used. The first letter refers to the type of superbasic core, the second letter 
refers to the type of superbasic substituents, and the number refers to how many of those 
substituents are present. If the core and substituents have the same letter, the two letters are 
combined into a single one and the number is adjusted accordingly. Among the types of 
superbases considered earlier, the letter assignments, shown in Figure 35 are proton sponge, S; 













proazaphosphatrane, V (for Verkade’s base). The iminoproazaphosphatranes will not feature in 
the higher-order superbase discussion and are poorly studied, so we have not assigned them a 
letter. 
 
Figure 35. Letter assignments for superbasic components of higher-order superbases. 
Examples are given in Figure 36 to illustrate the use of this nomenclature. Thus, a 
bis(cyclopropeniminyl)guanidine would be a GC2 base, and a 
bis(phosphazenyl)cyclopropenimine would be a CP2 base. Since the types of superbasic 
components should dominate the molecule’s properties, this shorthand is often sufficient to refer 
to a higher-order superbase, though especially when comparing members of the same class, the 
head group, tail group, or both can be added before (head) or after (tail) the class descriptor, 
separated by a hyphen. The complete descriptions of the pictured entities would thus be Et-GC2-
pyrr and t-Bu-CP2-NMe2. 
A few comments about this system are necessary. This nomenclature is intended to offer 
a practical and economic description of higher-order superbases and is not based on a rigorous 
set of rules. In the cases of guanidines and phosphazenes, for example, three and four nitrogen 
atoms, respectively, are part of the superbase. However, cyclopropenimine (as opposed to 2,3-





































Figure 36. Examples for higher-order superbase nomenclature. 
to consider. First, in the case of substituent descriptors, as higher-order superbases are often 
designed to maximize basicity, tail groups will almost invariably be nitrogen-based. Thus more 
generic terms such as cyclopropenimine refer to the fully nitrogen-substituted variants such as 
2,3-diaminocyclopropenimine. Second, higher-order superbases contain nitrogen atoms that can 
be viewed as either belonging to the core, the substituents, or both. One should allow for some 
flexibility in assigning these atoms in order to best describe the molecule. For example, the term 
bis(phosphazenyl)cyclopropenimine accurately describes the connectivity of the CP2 base 
pictured in Figure 36 because strictly, the nitrogen atoms in questions are part of the 
phosphazene substituent and not the cyclopropenimine core – there is no conflict. However, a 
proper description of the GC2 base pictured in Figure 36 would either be a bis(2,3-
diaminocyclopropenyl)guanidine or a bis(2,3-diaminocyclopropeniminyl)imine. Either of these 
names seems to be less helpful than bis(cyclopropeniminyl)guanidine in describing this 
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atoms to both the core and substituent moieties. 
Next, higher-order superbases that possess different superbasic substituents or the same 
substituent type but with different tail groups can easily be imagined. To accommodate such 
cases, the different substituents are listed sequentially, each in parentheses, along with any 
further details. A related modification to allow for partial substitution of a superbasic core is also 
necessary since a number of these compounds have been reported. If fewer than the maximum 
number of superbasic substituents are present, (a) the number of superbasic substituents is still 
specified by the subscripted number, even if it is unity, and (b) in the complete description, the 
non-superbasic substituent is listed as a tail group in parentheses between the letters assigning 
the core and the substituent superbases. Thus as shown in Figure 37, a partially substituted 
guanidine between the progression form a G1 base to a GC2 base can be imagined, and it would 
be called a GC1 base. Its complete description would be Et-G(NMe2)C1-pyrr. 
 
Figure 37. Higher-order superbases with incomplete substitution. 
Finally, we notice that not every type of superbase in Figure 29 can be a core moiety in a 
higher-order superbase because the nitrogen atom substituents of the core must be able to form 
an N=C bond to the superbasic substituent (see Figure 33 or Figure 34). Aminoimidazoles and 






























to the central imino moiety, plus an additional N–C bond as part of the superbasic motif. This 
setup leaves only a single N–C bond to install substituents, which thus cannot be superbases. 
Also, proton sponges are uniquely basic towards protons, and are likely to be poor substituents. 
Given the relatively vast superbase literature, the development of higher-order superbases 
has been sporadic, with a couple classes receiving almost all of the attention. The following 
review of these compounds will focus on peralkylated derivatives, since substituents such as aryl 
or acyl groups tend to mitigate basicity. 
Higher-Order Proton Sponges 
A few groups have prepared higher-order proton sponges over the past 30 years (Figure 
38). The first examples in this class, reported by Schwesinger in 1987,111 are the vinamidines 
such as 114, a combination of amidine units which position two basic nitrogen atoms in a similar 
fashion to proton sponges. These compounds defy classification by our nomenclature, and unlike 
the following examples, exhibit high kinetic basicity. Their high basicity depends on a specific 
extended structure and their preparation is cumbersome and non-diversifiable, however, so these 
compounds have not seen much application. 
Between 2002 and 2014, Sundmeyer, and more recently, Dudding have combined the 
traditional 1,8-diaminonaphthalene motif with more modular superbase substituents. The SG2 
base 115 shown in Figure 38 (1,8-bis(tetramethylguanidino)naphthalene, TMGN) has a pKBH+ 
value of 25.1 in MeCN, and is straightforwardly derived from 1,8-diaminonaphthalene and 
tetramethylchloroformamidinium chloride. 112  SC2 base 116 (1,8-bis(bis(diisopropylamino)-
cyclopropeniminyl)naphthalene, DACN) has been prepared by Dudding from 1,8-
diaminonaphthalene, diisopropylamine, and tetrachlorocyclopropene.113 This compound could 




basicity, but a pKBH+ value of 27.0 in MeCN was predicted by theoretical methods. The SP2 base 
117 (1,8-bis(hexamethyltriaminophosphazenyl)naphthalene, HMPN) was also first disclosed by 
Sundmeyer. 114  It was synthesized from 1,8-diaminonaphthalene and 
bromotris(dimethylamino)phosphonium bromide, and has a pKBH+ of 29.9 in MeCN. 
 
Figure 38. Higher-order proton sponges, their discoveries, and pKBH+ values in MeCN. 
Finally, the most basic proton sponge to date, again prepared by Sundmeyer, is the S(P2)2 
base 118 that is a higher-order superbase with higher-order superbase substituents, and an 
impressive pKBH+ value of 42.1 in MeCN.115 The strategies used to prepare the other higher-
order 1,8-diaminonaphthalene derivatives failed due to the sterically congested and poorly 
electrophilic phosphonium salts required, so a Staudinger reaction between the appropriate 
phosphine and 1,8-diazidonaphthalene was used. Unfortunately, except for the vinamidines, 























































organic applications using these species have been slow to emerge. 
Higher-Order Guanidines 
Guanidines are by far the earliest-studied higher-order superbases, as the parent 
biguanide was prepared in 1879,116 and an extensive chemistry of biguanides had developed by 
the 1960s,117 albeit without a focus on their use as reagents or catalysts. Potentially more 
synthetically relevant highly alkylated versions were scantly examined, though the measured 
pKBH+ value of the G2 base 119 shown in Figure 39 corresponds to 26.5 in MeCN.118 Higher G3 
analogues lacking electron-withdrawing groups have only recently been prepared without 
ambiguity,119 and peralkylated versions were reported in 2014.120 The pKBH+ of compound 120 
shown in Figure 39 was predicted to be 28.4 in MeCN. Finally, GI2 bases such as compound 
121, also reported in 2014,121 possess the highest pKBH+ values in this class – up to 37.4. 
 
Figure 39. Higher-order guanidines, their discoveries, and pKBH+ values in MeCN. 
The synthesis of G3 base 120, shown in Scheme 14a, involves the reaction of 
benzylguanidine and tetramethylchloroformamidinium chloride in the presence of KF, which 
forms the more reactive fluoroformamidinium salt in situ, followed by treatment with Hünig’s 
base to give the triguanide HCl salt in 69% yield. The GI2 base 121 is prepared by a very similar 
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Scheme 14. Synthesis of higher-order guanidine superbases. 
Higher-Order Phosphazenes 
Phosphazenes have been the most thoroughly studied higher-order superbases, and have 
fallen into two general classes: higher-order phosphazenes and guanidinylphosphazenes. First, 
the higher-order phosphazenes, or Pn bases, developed by Schwesinger (Figure 40) represent a 
mature compound class that contains the strongest known neutral Brønsted bases.122 -125 P2 to P7 
variants, including some isomers, have been prepared on scales up to 1 mole, and have pKBH+ 
values from 33.5 to 45.3 in MeCN (for the NMe2-substituted series). Significantly, more 
substituted phosphazenes become monotonically stronger bases until the P7 congener, where an 
apparent saturation point is reached. Thus the pKBH+ values124 increase in the t-Bu-Pn-NMe2 
series as P2 (122), 33.5 < P3 (123, 124), 36.6, 38.6 < P4 (125), 42.7 < P5 (126, 127), 44.0, 45.3 = 
P7 (128), 45.3. Even within the P3 and P5 groups, the order can easily be rationalized, since the 
more highly branched members of these classes (i-P3, t-P5) are the more basic ones. Within the 
P3 group, for example, the n-P3 core is substituted by two amino groups (pKBH+ of 18-20 in 
MeCN)9 and one P2 unit (pKBH+ of 33.5 in MeCN), an average value of approximately 23.8. The 



























































average value of approximately 24.7, which should lead to greater basicity compared to the n-P3 
case. From an intuitive perspective, the i-P3 places the two superbasic phosphazene moieties that 
are not part of the core closer to the basic site of the molecule, on average, than the n-P3 isomer. 
  
Figure 40. Higher-order phosphazenes and pKBH+ values in MeCN. 
The closely related guanidinylphosphazenes were first reported by Kolomeitsev et al. in 
2005.126 Peralkylated PG2 and PG3 variants were prepared, and as shown for the tert-butyl series 
























































































































Figure 41. Guanidinylphosphazenes and pKBH+ values in MeCN. 
Synthesis of Higher-Order Phosphazenes 
These Pn bases are synthesized using NH-substituted building blocks. These compounds 
include 132, prepared as outlined in Scheme 11a, and 135,123 obtained as shown in Scheme 15,124 
as well as trichloroiminophosphorane 136, prepared according to Scheme 11b. 
 
Scheme 15. Synthesis of P2 phosphazene building block 135. 
To synthesize the P2 base 122122 (Scheme 16),124 136 is exposed to 2 equiv of 132 – 1 
equiv perform the substitution that generates dichlorophosphorane intermediate 137 in situ, the 
other 1 equiv to neutralize the HCl formed. Subsequent addition of excess Me2NH, ion exchange 
to access the more easily purified HBF4 salt of the P2 base, liberation with KOMe, and 
distillation provides 122 in 75% yield. 
The higher phosphazenes are essentially synthesized by appropriate permutations of the 













































































Scheme 16. Synthesis of P2 phosphazene. 
prepare the i-P3 base 124, 136 was treated with 1 equiv of Me2NH and enough Et3N to neutralize 
all HCl. Intermediate 138 thusly generated in situ then reacts with excess P1 building block 132 
to produce 124 in 77% yield after ion exchange and deprotonation. The n-isomer is formed 
analogously, using approximately 2 equiv of Me2NH to produce chlorophosphorane 139, which 
is isolated by distillation in low yield, followed by treatment with P2 building block 135. Product 
123HBF4 is isolated in insufficient yield (0.6% over 2 steps) to liberate and purify the free 
base, but its basicity could still be determined. The P4 base is formed from exhaustive 
substitution of 136 with 132. The HBF4 salt of 125 is deprotonated with KNH2, procuring the 
free base in 89% yield. 
 
Scheme 17. Synthesis of P3 and P4 phosphazenes. 
The remaining P5 and P7 bases123 are synthesized according to Scheme 18.124 To access 
the i-P5 base, 136 is first treated with 2 equiv of i-Pr2NH to perform a single substitution and 
neutralize HCl. Dichlorophosphorane 140 is isolated and subsequently reacts with excess P2 
building block 135 to afford product 126 in 66% yield after liberation with KNH2. The t-P5 
Me2NH
(4.3 equiv)
0 °C → rt;
NaBF4; KOMe-60 °C → 0 °C
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isomer is obtained by sequential exposure of 136 to 2 equiv of P2 building block 135 to perform 
one substitution and form 141 in situ, and then excess P1 building block 132, leading to the 
isolation of 127 in 68% yield. Complete substitution of 136 with 135 ultimately affords the P7 
base 128HBF4, which is too sensitive to recrystallize or distill following its liberation. 
P2 bases with smaller substituents can be accessed using different routes,124 but the 
syntheses shown here are representative of most of the higher-order phosphazenes that have been 
prepared and used. Variants with head groups larger that tert-butyl, to reduce nucleophilicity, or 
with pyrrolidino tail groups to increase basicity, for example, were prepared without substantial 
modification of above-described procedures. 
 
 
Scheme 18. Synthesis of P5 and P7 phosphazenes. 
The synthesis of guanidinylphosphazenes compounds is comparable to that of higher-
order phosphazenes (Scheme 19). Familiar trichlorophosphorane 136 is exhaustively substituted 
with tetramethylguanidine (TMG, 142) to afford PG3 base 130HBF4 in nearly quantitative yield 
after ion exchange. For the PG2 class, Et2NH is added once to 136, and the resulting 
dichlorophosphorane 143 is isolated and treated with excess TMG to provide 129 as the HBPh4 
salt. Less hindered or aryl variants are prepared by routes in Scheme 11. 
i-Pr2NH
(2 equiv)
















































Scheme 19. Synthesis of guanidinylphosphazenes. 
Applications of Higher-Order Phosphazenes 
Higher-order phosphazene superbases have seen a wide number of applications over the 
past 25 years that are not possible with weaker neutral organic bases. The P2 base 146, for 
example, has been used for a stereoselective Corey-Chaykovsky-type epoxide synthesis with a 
chiral auxiliary (Scheme 20).127 Benzaldehydes react with the S-ylide generated from 144 to give 
enantioenriched trans-epoxides in high yields, and auxiliary 145 can be recovered. The P2 base is 
as stereoselective as NaH, but is also much more reactive (30 min vs. 1-2 days). 
 
Scheme 20. Stereoselective epoxide synthesis with P2 base 146. 



























































































strongest commercially available neutral Brønsted base class. Its primary advantages aside from 
its basicity include high solubility in organic media, steric hindrance to inhibit alkylation of the 
base, and the formation of a large, electron-rich conjugate acid. The latter feature provides more 
reactive, ‘naked’ anions and also mitigates Lewis acidity that can promote either problematic 
side reactions such as aldol or ester condensations, or aggregation, which can lower 
stereoselectivities. 
A number of situations have been identified where strong inorganic or organometallic 
bases perform poorly, while 125 provides satisfactory outcomes.128 For example, the highly 
substituted dioxolone shown in Scheme 21a, which is a surrogate for β-hydroxyesters, is not 
alkylated after treatment with lithium diisopropylamide (LDA). Compound 125, however, 
enables reactions with a variety of electrophiles in moderate yields and good stereoselectivities, 
even with secondary substrate i-PrI. The superior performance of the phosphazene base is 
attributed to the reactive, ‘naked’ nature of the anion, and the relatively slow β-elimination in the 
absence of a Lewis acid. A similar advantage is observed in the alkylation of β-lactones, which 
decompose when treated with LDA or KHMDS.24 
Scheme 21b shows that 125 provides superior diastereolectivities to inorganic or 
organometallic bases in the alkylation of 8-phenylmenthyl phenylacetates.129 In this case, the P4 
base mitigates aggregation that occurs with lithium enolates and that is hypothesized to lower the 
stereoselectivity. The synthesis of medicinally important 2-arylbenzofurans from easily prepared 
O-benzylsalicaldehydes is also uniquely achieved with 125, as shown in Scheme 21c, by the 
challenging deprotonation of the benzyl ether.130 






Scheme 21. Applications of P4 base 125 where metallic bases fail. ds = diastereoselectivity. 
reactions such as those shown in Scheme 22. Specifically, the first metal-free oxy-Cope 
rearrangement was reported in 2000 using 125.131 This base can also perform hydroalkoxylations 
 
 




































































and hydroaminations of alkynes catalytically,132 because the vinyl anion that results from the 
addition of the nucleophile is sufficiently basic to deprotonate the conjugate acid of 125. 
Finally, Kondo has identified a number of novel reactions that employ silyl reagents as 
pronucleophiles under higher-order phosphazene catalysis. First, the nucleophilic aromatic 
substitution or aryl fluorides with silyl-substituted heteronucleophiles such as phenols, alcohols, 
amines, and azide proceeds in high yields (Scheme 23a).133 Only modestly electron- poor aryl 
fluorides are required, and aryl bromides and iodides are left intact. The mechanism involves 
 
 



















































































desilylation of the nucleophile to generate a highly reactive anion, and after the nucleophilic 
substitution, the fluoride ion sequesters the silyl group to regenerate the phosphazene catalyst. A 
variation of this process using more convenient protic nucleophiles is possible by using Et3SiH 
as an additional reagent.134 The condensation of electron-deficient alkylsilanes with carbonyl 
compounds (Scheme 23b)135 and aldol reactions with arylsilanes (Scheme 23c)136 are also 
possible with this mode of catalysis. In these latter cases, strong Si–O bonds are formed that 
return the silylated phosphazene to the catalytic cycle. 
Most germane to our long-term goals, Terada137 has recently developed the first effective 
asymmetric higher-order superbase catalyst (147, Scheme 24). Bis(guanidinyl)phosphazene 147 
is the most basic organocatalyst reported to date, likely with a pKBH+ value near 35 in MeCN 
(based on Figure 41). Thus, 2-alkyltetralones and a selection of related ketones undergo an 
efficient and highly enantioselective α-amination in the presence of di-tert-butyl 
 
 




































































































azodicarboxylate and 147 (10 mol%). Stereoselectivity only suffers greatly in the case of the 8-
methoxy-2-methyltetralone, where the proximity of the methoxy substituent to the enolate 
oxygen may disturb catalyst-substrate interactions. This reaction could likely not be achieved 
with any simple (i.e., not higher-order) superbases discussed earlier, and employs the ideal type 
of available, less acidic substrates that organic chemists would like to activate directly. 
The synthesis of catalyst 147 is shown in Scheme 25. From diamine 149, monoprotection 
yields 150, and exposure to bromocyanamide 151 (prepared in 2 steps from N-methyl-2-
aminoethanol) results in addition of the free amine to the cyanamide, followed by displacement 
of the bromide by the same nitrogen atom. This process generates intermediate 152 in situ, and 
deprotection of the Boc group provides aminoguanidine 148 in good yield. The key and final 
step is the addition of 148 to PCl5 to afford P-spirocyclic product 147HBr. This inefficient step 
(13% yield) is likely complicated by undesired side reactions, and extensive purification is 
necessary to obtain the catalyst cleanly. Two chromatographic separations are needed, followed 
by a recrystallization, which removes the (P)-diastereomer that is a less effective catalyst. 
 
 


































































Overall, this introduction is intended to examine the successes and limitations of organic 
superbase catalysts, and then to illustrate how the more powerful higher-order superbases could 
address these limitations. Despite the novel reactivity of higher-order phosphazenes and the 
unprecedented enantioselective Brønsted base-catalyzed transformation of simple ketones by a 
chiral bis(guanidinyl)phosphazene, relatively few higher-order superbases have been studied. 
The non-trivial synthesis of Terada’s catalyst suggests that that more classes of higher-order 
superbases are needed, especially those that may be rapidly and modularly prepared. Due to the 
combinatorial structure of these higher-order structures, a far greater number of these compounds 
should actually be possible compared to the parent superbases. Existing chemical knowledge 
heavily favors the parent compounds, however. Given the promise of higher-order superbases 
and the extent of this unexplored chemical space, a thorough investigation of these entities is a 
pressing and potentially fruitful endeavor. Lastly, attention should focus on the incorporation of 






With the determination that new classes of higher-order superbases are needed and 
should be easily prepared, the incorporation of the cyclopropenimine motif into these entities 
became a priority. As previously discussed, cyclopropenimines are straightforwardly and 
modularly synthesized on scale, and have only appeared as a component in a higher-order 
superbase in one isolated case.113 To gain a thorough understanding of this new chemical space, 
we sought to assemble cyclopropenimines as well as some other superbases into all possible 
permutations, which meant that those other superbases must be capable of acting as either the 
core or the substituents of the molecule. Guanidines and phosphazenes were selected, because of 
the superbases in Figure 29, (a) proton sponges are not structurally possible as substituents, (b) 
 
 
Figure 42. Permutations of guanidine, phosphazene, and cyclopropenimine higher-order 









































































































































aminoimidazoles and proazaphosphatranes cannot be higher-order superbase cores, and (c) 
amidines are similar to guanidines but also less basic and possibly less easily prepared. This plan 
led us to consider the classes of higher-order superbases shown in Figure 42. New species 
containing cyclopropenimines are highlighted, but the GP2 class had also not yet been disclosed. 
G3, PG3, and P4 bases are known, as previously discussed. 
The first portion of this study must be the syntheses of new higher-order superbases. 
After some initial experimentation, the specific compounds shown in Figure 43 were targeted 
based on the following reasoning. Since a primary goal was to compare the properties of these 
classes and attribute any differences to the types of cores and substituents, the head and tail 
groups needed to be as uniform as possible. In general, alkyl head and tail groups were chosen to 
produce high basicities and remove complications from extended conjugation or hydrogen 
 
 


























































































bonding. Head groups are usually incorporated by adding a primary amine to an electrophilic 
core precursor, and the n-butyl head group was selected to simplify this synthetic step since 
smaller primary amines should react more smoothly than bulkier analogues. Furthermore, lower 
homologues (MeNH2, EtNH2) are gases at ambient conditions and thus more difficult to handle. 
Using the same tail groups in all nine cases would also be desirable, but was ultimately 
impractical. As a compromise, the same tail groups were targeted within each type of substituent, 
with the following rationales. The tetramethylguanidinyl substituent was chosen because 
tetramethylguanidine is the only commercially available, inexpensive, tetraalkylated guanidine. 
For the phosphazene substituents, dimethylamino and pyrrolidino tail groups have been most 
commonly used in literature precedents, but (a) preparing NMe2-substituted phosphazenes leads 
to hexamethylphosphoramide byproducts, which are undesirable due to their toxicity, and (b) 
pyrrolidino groups are used to maximize basicity compared to other dialkylamino tail groups, 
and we sought to avoid biases from tail groups in this study. The piperidinyl group was selected 
as an unbiased amine that could be handled easily. Finally, the 
bis(diisopropylamino)cyclopropenimine substituent was chosen because lower analogues 
(Me2N- and Et2N-substituted cyclopropene derivatives) are often hygroscopic and less 
convenient to handle, while larger amines (Cy2N-substitution) sometimes sterically impede the 
addition of molecular complexity, and can also suffer from solubility problems. The i-Pr2N-
series proved acceptable from both of these perspectives. 
Assuming the successful preparation of these compounds, an array of their chemical 
properties would be measured. Basicity was the primary parameter of interest, but properties 
including stability, steric hindrance, and catalytic activity would serve as useful metrics to 




data was also sought, where possible, to gain further insight into other properties and to aid in the 
design of next-generation catalysts. Finally, the synthesis and implementation of chiral higher-




Results and Discussion 
Synthesis of New Higher-Order Superbases 
The synthesis of the targeted higher-order superbases (Figure 43) was the first task to be 
addressed, and to streamline this effort, a unified strategy was sought. Based on known 
approaches to superbases outlined in the Introduction, the logic represented in Scheme 26 was 
pursued to construct new higher-order superbases from a minimal number of building blocks. 
 
Scheme 26. General strategy for the synthesis of higher-order superbases in this work. 
If each target could be prepared in this fashion, a single precursor could be used to 
incorporate every guanidinyl, phosphazenyl, or cyclopropeniminyl substituent in a higher-order 
superbase, and similarly, each guanidine, phosphazene, or cyclopropenimine core could be 
accessed by an electrophile common to each class. Finally, n-BuNH2 would serve as the source 
of the head group, and the tail groups would already be part of the nucleophilic substituent 
precursors. 
The selected building blocks are depicted in Figure 44. The substituent precursors 142, 
153, and 154 (all prepared by standard methods discussed in the Introduction) can be chosen 
without issue if the approach shown in Scheme 26 is feasible. For the electrophilic core 
precursors, PCl5 and tetrachlorocyclopropene (C3Cl4, 156) are well established for phosphazene 






















substituent precursors, followed by n-BuNH2 should be possible. Guanidines, however, are not 
typically assembled in this manner because no retron is known that leads to the guanidine 
function and that allows the sequential introduction of peripheral groups directly, as do PCl5 and 
tetrachlorocyclopropene. Instead, as suggested in Scheme 9 and Scheme 14, addition of the head 
group to an activated urea derivative which already contains the substituents is the standard 
approach. In practice, while the ureas required to access the targeted higher-order guanidines 
could be prepared, subsequent reactions often led to decomposition. This failure prompted the 
investigation of carbonimidic dichloride 155, which would conveniently adhere to the unified 
synthetic plan. 
 
Figure 44. Building blocks to prepare targeted superbases. Abbreviations refer to the compounds 
targeted in Figure 43. pip = piperidinyl. 
The higher-order cyclopropenimine superbases were thus prepared as shown in Scheme 
































phosphazenes: 4 equiv of cyclopropenimine 154 (2 equiv to neutralize the HCl byproduct) and 
tetrachlorocyclopropene were combined to form a disubstituted dichlorocyclopropene analogous 
to 160, followed by addition of excess n-BuNH2. This procedure cleanly formed the desired C3 
base, but its isolation from the 154HCl byproduct was not achieved. Switching to a 2:1 
stoichiometry of 154 and C3Cl4 stopped the reaction at 50% conversion of C3Cl4, the use of 
strong inorganic bases such as KOt-Bu, NaH, or hexamethyldisilazide (HMDS) salts to 
neutralize the HCl promoted undesired side reactions, and organic bases such as Et3N or DBU 
were too weak to liberate the cyclopropenimine salt 154HCl. Using KOH in a CH2Cl2/H2O 
medium neutralized the acid without interfering with the desired process, however. In the 
optimized procedure (Scheme 27a), 154HCl and C3Cl4 were combined in a 2:1 ratio in 
CH2Cl2/H2O with 4 equiv of KOH at 0 °C. After 1 h, the layers were separated and n-BuNH2 
was added to the organic phase. After 21 h, standard workup, ion exchange with NaBF4, and 
recrystallization, nearly 8 g of C3 base 157HBF4 was obtained in 76% yield. KOH thus enabled 
the use of the more easily handled and stored HCl salt of the cyclopropenimine starting material 
and obviated the need for any excess of this reagent. Such a design is not feasible in phosphazene 
synthesis, where labile P–Cl bonds are hydrolyzed if even traces of water are present. 
The CG2 base 158 was prepared (Scheme 27b) similarly to 157, but since the substituent 
precursor TMG (142) was observed to add three times to C3Cl4 at rt, leading to a 
tris(guanidinyl)cyclopropenium ion, the reaction was conducted at -78 °C. This temperature 
prevented the use of KOH as a base, but using 4 equiv of TMG to act as the nucleophile and the 
base cleanly formed the desired product following the addition of n-BuNH2. In this case, 
isolation of the higher-order superbase from the TMGHCl byproduct was straightforward, and 




No CP2 base has been identified in attempts at its preparation. While a procedure 
analogous to the synthesis of 157 led to the required dichlorocyclopropene 160 (Scheme 27c, 
observed by NMR), the addition of n-BuNH2 produced a mixture of two compounds, neither of 
which was the desired base. The major product, not isolated from the unidentified minor 
byproduct, was identified as acrylamidine 159. It presumably results from a facile138-140 ring-
opening of the transient CP2 base 161, followed by reaction with a further equivalent of n-
BuNH2. 
  
Scheme 27. Synthesis of higher-order cyclopropenimine superbases. 
n-Bu
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All the desired higher-order phosphazenes were prepared from carbonimidic dichloride 
155 as shown in Scheme 28. For GC2 base 162, a procedure similar to the synthesis of C3 base 
157 was effective. Thus 155 and 154HCl were combined in a 2:1 ratio with 4 equiv of KOH in 
CH2Cl2/H2O for 72 h. Subsequent workup and recrystallization afforded 5.67 g of GC2 base 
162HBF4 in 79% yield. Nucleophiles 142 and 153 added much more slowly to electrophile 155 
than cyclopropenimine 154, so these reactions were conducted in PhMe at 90 °C to prepare the 
G3 base, and at 95 °C in the case of the GP2 base. The nucleophiles also served as the bases in 
these reactions to avoid hydrolysis that occurred using KOH. After workup and purification, 4.37 
g of G3 base 163HCl was isolated in 63% yield, and 2.04 g of GP2 base 164HBF4 was obtained 
in 89% yield. Peralkylated G3 higher-order superbases were recently reported,120 but this work 
provides an alternate strategy that does not rely on sensitive chloroformamidinium salts. 
 













PhMe, 95 °C, 20 h
NaBF4 workup
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163HCl 
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4.37 g, 63% 
164HBF4 
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A more hindered GC2 base was also targeted, and was obtained by the reaction of 
cyclopropenimine 154 (4 equiv) and tert-butylcarbonimidic dichloride (165) in CH2Cl2 for 42 h 
(Scheme 29). Significant amounts of hydrolysis were observed when using KOH as the base. 
Standard workup and recrystallization provided 3.44 g of 166HBF4 in 67% yield. 
 
Scheme 29. Synthesis of hindered GC2 superbase 166. 
Higher-order phosphazenes were prepared based on literature methods124,126 (Scheme 30). 
For the PC3 base, 6 equiv of 154 was added to PCl5 in CH2Cl2 at -78 °C, followed by n-BuNH2. 
The desired base was worked up and characterized as the HPF6 salt, obtained in 66% yield, 
although complete purification of this material has not been possible in our hands. Even mild 
workup and purification techniques such as dilute acid washing and recrystallization typically 
produced lower purity material, which suggests that this compound could be very sensitive. An 
analogous procedure afforded PG3 base 168HBF4 in 69% yield. The corresponding N-ethyl PG3 
derivative has been reported.126 Attempts to prepare the targeted P4 base 169 by the same 
strategy have not succeeded, as the necessary tris(phosphazenyl)chlorophosphonium 
intermediate could not be detected after the first step shown in Scheme 30c. Only mono- and 
bis(phosphazenyl)phosphonium salts were observed, possibly due to the steric demand of 
phosphazene nucleophile 153. 
Finally, in light of the purification issues encountered with PC3 base 167 and the 
instability of the targeted CP2 base, we still sought to fully characterize the first higher-order 



























accomplished as shown in Scheme 31. Cyclopropenimine 154 was observed to react only once 
with trichloro(imino)phosphorane 170, even at elevated temperatures, so the addition of 2 equiv 
of 154 –  as the nucleophile and the base – followed by excess piperidine provided 2.71 g of PC1 
base 171HBF4 in 88% yield after workup and purification. 
  
Scheme 30. Synthesis of higher-order phosphazene superbases. 
  




0 °C → rt, 4 d
KPF6 workup
1. PCl5, CH2Cl2











NMe2 2. n-BuNH2, Et3N
-40 °C → rt, 8 d
NaBF4 workup
1. PCl5, CH2Cl2













































THF, -78 °C → 0 °C, 6 h




































With reliable access to a number of new classes of higher-order superbases, their 
basicities were determined and are displayed in Table 7. Among the parent superbases, basicity 
increases in the order of guanidine < cyclopropenimine ≅ phosphazene (compare G1 base 172, C1 
base 173, and P1 base 174). In contrast, among higher-order superbases that possess the same 
substituents, the order is cyclopropenimine < guanidine < phosphazene (compare CG2 base 158, 
G3 base 163, and PG3 base 168 or C3 base 157, GC2 base 162, and PC3 base 167). This 
phenomenon can be explained by considering the conjugate acids, which become increasingly 
stabilized as the substituent moieties become more basic due to the greater capacity of stronger 
bases to distribute positive charge. Aromatic entities such as the cyclopropenium ring are known 
to gain less stability from increased electron density than other cations (the carbenium center in 
guanidinium ions or the phosphonium center in phosphazenium ions), however, because added 
electron density disrupts their aromaticity (as briefly discussed in Chapter 1).141,142 
The degree to which each superbasic core transmits basicity from the substituent groups 
to the head imino function is quantified in Figure 45. This chart plots the overall pKBH+ values of 
the higher-order superbases in Table 7 against the pKBH+ values of their substituents (amino, 
guanidino, cyclopropenimino, or phosphazeno, the latter 3 of which were assigned from G1 base 
172, C1 base 173, and P1 base 174). All three superbasic cores produced good to excellent linear 
correlations between these variables. Steeper slopes reflect greater overall basicity gains as 
stronger superbasic substituents are appended to the core. To compare different cores, the slope 
is normalized by the number of substituents, producing a quantity we call the ‘transmissibility’ 
of each core. The physical meaning of transmissibility is the fraction of the basicity gains in each 




Table 7. Basicities of higher-order superbases prepared in this work. 
 
 
Italicized numbers represent pKBH+ values. Values below 33 were measured in acetonitrile. 
Values above 33 were extrapolated from measurements in THF. (a) Literature value for the N-
ethyl analogue.126 (b) Estimated from phosphazene correlation in Figure 45 and the pKBH+ value 
for C1 base 174. (c) Literature value.124 
The correlation among higher-order phosphazene superbases has a slope of 1.65, which 
divided by the 3 substituents yields a transmissibility of 0.55. The higher-order guanidines have a 
nearly identical transmissibility (0.57), while the higher-order cyclopropenimines possess less 
than half of this value (0.21) as rationalized above. 
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Figure 45. Plot of superbase pKBH+ vs. substituent basicities for phosphazene ( ), guanidine  
( ), and cyclopropenimine ( ) superbases shown in Table 7, except PC3 base 167. 
Guanidino, cyclopropenimino, and phosphazeno pKBH+ values were assigned from G1 base 172, 
C1 base 173, and P1 base 174, while amino groups were assigned the value for Et3N (18.8).9 
The y-intercepts of these correlations reflect the basicities of hypothetical species in these 
series whose substituents have pKBH+ values of 0; the ‘inherent basicity’ of each core. The much 
higher value for cyclopropenimines (19.36) compared to phosphazenes (-3.22) or guanidines 
(2.99) reflects the greater inherent stability of aromatic cyclopropenium ions than carbenium or 
phosphonium ions. A consequence of high inherent basicity is that cyclopropenimines should 
retain useful pKBH+ values even when less donating (e.g., alkyl or aryl) substituents are 
employed. Such options could permit the development of a greater variety of strongly Brønsted 
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y = 0.42x + 19.36 




Some more general observations can be made concerning these correlations. The 
maximum possible transmissibility for any core should be 1.00, since higher-order superbases 
with different substituents should not have a greater basicity difference (per substituent) than the 
basicity difference between these substituents themselves. Furthermore, the transmissibility of a 
superbasic core might also be restricted to electronically similar head groups. Strongly donating 
head groups, for example, could resist local increases in electron density that render a molecule 
more basic. 
Notably, the peralkylated higher-order superbases discussed in the Introduction can be 
combined with those considered in Table 7 and Figure 45 to generate a much larger data set of 
26 phosphazenes and 10 guanidines, since different alkyl groups should not perturb the cores 
electronically. The resulting plot is shown in Figure 46 (data are listed fully in Table 11 in the 
Experimental Information). Since these higher-order superbases are not all symmetrically 
substituted, the substituent pKBH+ value is the average of the 2 or 3 substituents in the molecule. 
Despite the broader range of compounds included in this set, the basicity relationship between 
the substituents and higher-order entities remains linear over 12 orders of magnitude (substituent 
pKBH+ values from 18 to 30), only becoming sub-linear in the case of the P7 phosphazene. The 
transmissibilities are slightly higher for both phosphazene (0.58) and guanidine (0.64) classes 
compared to Figure 46, while the y-intercepts are lowered (to -4.36 and 0.33, respectively). 
Minor adjustments in substituent superbase basicity estimates also lead to slight revisions of the 
cyclopropenimine transmissibility (0.20) and y-intercept (19.92). A potentially useful outcome 
from these correlations is that the basicity of a new potential higher-order superbase within these 
classes should be possible to predict accurately and with trivial calculations. 






Figure 46. Plot of superbase vs. substituent pKBH+ values for N-alkyl phosphazene ( ), 
guanidine ( ), and cyclopropenimine ( ) superbases from this work and the superbase 
literature with classes labeled (see Table 11 in the Experimental Information). The P7 base is not 
included in the phosphazene correlation. 
of known N-aryl phosphazenes (Figure 48). N-phenyl and N-2-chlorophenylphosphazenes both 
produced excellent linear correlations between their substituent and higher-order superbase 
pKBH+ values. Comparing transmissibilities and inherent basicities of these series and the N-alkyl 
phosphazenes (Figure 46) shows how head groups affect phosphazene cores. Inherent basicities 
increase in the order 2-chlorophenyl (-11.37) < phenyl (-4.58) ≅ alkyl (-4.36). This trend can be 
rationalized by some combination of σ- and π-donating abilities of the head groups (i.e., their 
inductive and conjugative cation-stabilizing abilities). The most weakly cation-stabilizing 2-
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Figure 47. Plot of superbase vs. substituent pKBH+ values for N-phenyl ( ) and N-2-
chlorophenyl ( ) phosphazene superbases from the superbase literature (see Table 12 in the 
Experimental Information). Numbers in parentheses are standard errors for the slopes. 
modes are unknown, it is reasonable that alkyl and phenyl groups lead to similar intercepts. 
Transmissibilities increase in the order phenyl (0.49) < 2-chlorophenyl (0.54) < alkyl (0.58). This 
property should correlate inversely with head group π-donating ability: more basic substituents 
stabilize conjugate acids by raising electron density in extended π-systems, and head groups that 
stabilize positive charge in a similar manner should tend to resist this effect. The observed trend 
is consistent with this logic. Lastly, while the transmissibility differences are only 4-5% between 
phenyl vs. 2-chlorophenyl and 2-chlorophenyl vs. alkyl head groups, the differences are 
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Single crystals of several materials were obtained and analyzed by X-ray diffraction. The 
HBF4 salts of C3 base 157, GC2 base 162, and CG2 base 158 are shown in Figure 48, while those 
of GP2 base 164 and PC1 base 171 are in Figure 49. Their structures reveal interesting aspects of 
conformational bias and non-covalent organization. First, the substituents of the C3, GC2, and 
GP2 salts are geared, meaning that their n-butyl and cyclopropeniminyl/phosphazenyl 
substituents are oriented in a counterclockwise pinwheel fashion about the cores, presumably due 
to steric constraints. In the GP2 salt, the C–N–P bonds that connect the core to the substituents 
are at angles noticeably above the ideal 120°. This distortion is not seen in other compounds, and 
is needed to accommodate the exceedingly bulky tris(piperidinyl)phosphazenyl groups. In 
contrast, the guanidinyl substituents of the CG2 salt are placed syn to each other below the core, 
seemingly engaged in a π-π interaction. 
Second, in the C3 and GC2 salts (Figure 48), the cyclopropeniminyl substituent depicted 
on the right, which is syn to the imino N–H moiety, is torqued out of the plane of the central core 
by 66° and 45°, respectively. Such an orientation may relieve steric congestion, and could also 
reduce the π-conjugation between the substituent and the core. It also appears to enable an 
intramolecular CH---N interaction between the imino nitrogen atom of the torqued substituent 
and the central iso-propyl C–H of the adjacent cyclopropeniminyl substituent. The respective N--
-H distances of 2.35 Å and 2.50 Å highlighted in Figure 48 fall within the sum of these atoms’ 
van der Waals radii. Similarly, in the GC2 and GP2 salts, the imino nitrogen of the leftmost 
cyclopropeniminyl/phosphazenyl substituent is also engaged in an intramolecular CH---N 
interaction, in these cases with an α-H atom of the syn n-butyl head group. These respective N---




crystal lattice has a 2.48 Å distance, see the Experimental Information). These latter interactions 
are not possible in the C3 or CG2 salts since the more extended cyclopropenimine cores place the 
 
 
Figure 48. Molecular structures of higher-order cyclopropenimines and guanidines (a) 
157•HBF4, (b) 162•HBF4, and (c) 158•HBF4. (c) also contains a second structure that is 




















































head groups and substituents too far apart, while in the PC1 salt, no α-H atom is available on the 
tert-butyl head group. 
 
 
Figure 49. Molecular structures of higher-order phosphazenes (a) 164•HBF4 and (b) 171•HBF4.  
(a) also contains a second structure that is qualitatively similar to that shown here, see the 
Experimental Information. 
Finally, as highlighted for the C3 and GC2 salts (Figure 48), the BF4 counterion that is H-
bonded to the imino N–H falls in close proximity to the tail amino groups on the 
cyclopropeniminyl substituents. Combined with the torqueing and CH---N interactions which 
orient these cyclopropeniminyl substituents, several organizational elements raise intriguing 







































Brønsted Basicity vs. Nucleophilicity 
A potential problem inherent in the use of strong Brønsted bases is their capacity to react 
as nucleophiles (i.e., Lewis acids). These reagents are often employed in the alkylation of 
enolates, for example, and the undesired alkylation of the Brønsted base irreversibly removes 
both the alkylating agent and the base from the pool of available reactants. Therefore, strong 
Brønsted bases are most useful when they react by protonation over alkylation. In general, 
hindered bases are more selective for protonation because hindrance slows alkylation, which 
involves larger atoms (i.e., C vs. H) and more stereoelectronic constraints, to a greater extent. 
To probe this selectivity, Schwesinger has studied the reactions of phosphazene 
superbases with alkyl halides and measured the distribution of protonated and alkylated 
phosphazenium products. Optimizing these outcomes drove one direction of this group’s 
research, whereby exceedingly bulky, non-trivially prepared head groups beyond tert-butyl 
(including CEt3, CMe2CH2t-Bu or ‘tert-octyl,’ and CMe2t-Bu) were incorporated into many 
classes of higher-order phosphazenes.124 
Using this approach, we surveyed how the class of a higher-order superbase (i.e., the type 
of core and substituents) would affect its selectivity. Therefore, the higher-order superbases 
shown in Table 8 were treated with i-butyl bromide under conditions that completely consumed 
the free base (10 equiv i-BuBr, 60 °C, 6 h), and the ratio of protonated to alkylated products was 
measured by integrating the NMR spectrum of the crude reaction mixture. Among superbases 
with the same n-butyl head group, the substituent size has the strongest effect. Thus, as the 
substituents were varied from the smallest (guanidinyl) to the intermediate (cyclopropeniminyl) 
and ultimately the largest (phosphazenyl) classes, substantial increases in protonation selectivity 





Table 8. Elimination vs alkylation with higher-order superbases and iso-butyl bromide. 
 
Italicized numbers correspond to ratios of elimination vs. alkylation as determined by the ratios 
of protonated vs. alkylated superbases observed by 1H NMR. 
(97%) – and the cyclopropenimines – CG2 (22%) < C3 (43%). 
The superbasic core exhibits a modest effect on this selectivity. Higher-order 
cyclopropenimine superbases are less selective for protonation than their guanidine analogues, as 
seen when the substituents are guanidinyl – CG2 (22% protonation) < G3 (33%) – or 
 
cyclopropeniminyl – C3 (43%) < GC2 (69%). Here, the more elongated cyclopropenimine core 
exposes the central imino nitrogen by distancing it from the superbasic substituents. 
The head group has more a substantial influence on selectivity, as seen among the GC2 
bases when this appendage is switched from n-butyl (69% protonation) to tert-butyl (97%). 
Hydrolytic Stability 



















































































electrophiles such as alkylating agents, acylating agents, or CO2. However, many such species 
contain polarized π-systems that can be subject to nucleophilic attack such as solvolysis. 
Therefore, the stabilities of higher-order superbases were assessed by heating in aqueous 
methanol in the presence of 10 equiv of sodium methoxide (Table 9). 
These compounds can be placed into 2 categories. The first represents highly robust 
entities (entries 1-3), which show no decomposition after 24 h at 140 °C. The high stability of the 
P1 and PC1 phosphazenes was expected from a similar outcome observed for a P4 base,124 while 
the GP2 base may benefit from excellent steric protection. The GP3 base decomposes slowly at 
this temperature (entry 4), and may only do so because this very strong base might not be 
completely deprotonated under these conditions,126 which could increase its electrophilicity. 
The remaining guanidine and cyclopropenimine superbases decayed in more convenient 
 
Table 9. Relative stabilities of higher-order superbases in basic aqueous methanol. 
 
Superbase (0.075 mmol) and NaOCD3 (0.75 mmol) were heated in a mixture of CD3OD (0.45 
mL) and D2O (0.25 mL) in sealed NMR tubes until 50% of the initial amount of super-base 






























































































time frames (t1/2 < 10 h) at 140 °C (entries 5-6) or 80 °C (entries 7-11). With one exception, the 
stability of these compounds increases monotonically with their basicity (entries 5-10). The 
exception is the CG2 base (entry 11), which is the least stable despite its intermediate basicity. 
This instability may result from a combination of the extended cyclopropenimine core and the 
small guanidinyl substituents that could leave the cyclopropene ring unusually exposed to 
nucleophilic attack. Notably, this same combination of features also makes the CG2 base the 
most susceptible to electrophilic attack, and these properties may mitigate its utility. 
Catalysis 
Our goal in designing strong Brønsted bases is to expand the range of less acidic 
substrates that can be activated by deprotonation. The utility of higher-order superbases was first 
illustrated by examining the conjugate addition of indole – a pronucleophile whose pKa value 
(21.0 in DMSO) 144 places it at the edge of substrates that have been engaged by monomeric 
superbases109 – and crotonitrile (Scheme 32). While no reaction occurred after 24 h in the 
presence of C1 base 173, the C3 base 157, which is 4 orders of magnitude more basic, catalyzed 
the formation of the desired adduct in 89% yield after 3 h. A slightly higher yield (94%) was 
obtained using the even stronger GC2 base 166. 
Finally, GC2 base 166 also catalyzed Michael reactions of α-aryl esters with β-substituted 
acrylates in excellent yields after 8-12 h at a loading of 2.5 mol% (Table 10). Activation of α-
aryl esters by neutral Brønsted base catalysis has not been reported, 145-147 and the acidity of these 
substrates (pKa ≅ 23 in DMSO) 148 is beyond what has been achieved by monomeric superbases. 
Michael acceptors included β-aryl esters (entry 1) or nitriles (entry 2a), amides (entry 3), and β-
alkyl esters (entry 4). Amides were not compatible with β-substitution, but offer a useful 




side reactions under these conditions. A range of α-aryl esters were tolerated, such as those with 
ortho-substituents (entry 5), electron-withdrawing (entry 6) or donating (entry 7) groups, or 
heteroaromatic moieties (entry 8). Finally, α-branched pronucleophiles were used to generate 
quaternary centers (entry 9). Notably, a P4 catalyst – the only commercially available class of 
neutral base that is more basic than the GC2 class – gave only moderate conversion (entry 2b). 
 
 
Scheme 32. Higher-order superbase-catalyzed addition of indole to crotonitrile. 
Diastereoselectivity was uniformly low, as expected for a catalyst framework that only 
contains a single organizational element (the imino N–H which is hydrogen-bonded to the 
enolate) in a bimolecular reaction. Further such organizational elements will be present in chiral 
variants that are currently being pursued. Nonetheless, the engagement of this less acidic 
















































Table 10. Substrate scope of higher-order superbase-catalyzed conjugate additions. 
 
Pronucleophile and Michael acceptor (1.0 mmol of limiting reagent) were added to a solution of 









































































































Brønsted base catalysis is a fundamental HOMO-raising activation mode, but relatively 
few strong, neutral bases that can engage less acidic substrates have been reported. This problem 
has been addressed by the synthesis of six new classes of higher-order superbases. Most 
procedures are simple and robust, and attractive alternate routes to existing compound classes 
have also been developed. The new higher-order superbases also feature the first systematic 
incorporation of cyclopropenimines into such structures. The facile and modular synthesis of 
cyclopropenimines combined with the straightforward preparative procedures described herein 
should facilitate access to many chiral higher-order superbases, only one of which has been 
reported to date. 
Basicity measurements revealed interesting trends within different classes of higher-order 
superbases. For example, cyclopropenimines resist substantial basicity increases due to their 
aromaticity, but should retain higher basicities when combined with a wide array of peripheral 
frameworks, including those that would reduce the activity of other types of superbases. 
The molecular structures of these materials showed many elements of conformational 
bias as well as non-covalent organization. These features should offer insights into the design of 
effective chiral catalysts based on these templates. The nature of the superbasic cores and 
substituents was then shown to affect the degree to which these compounds react as Brønsted 
bases instead of nucleophiles in a predictable manner. A handle to optimize this selectivity that 
does not reduce their overall basicity is also available. Among guanidine and cyclopropenimine 
superbases, stability to hydrolysis was found to correlate with basicity. 
Finally, a GC2 superbase accomplished the first activation of α-aryl esters by a neutral 




monomeric superbases. This outcome illustrates the useful, easily accessed organic building 
blocks that can be engaged directly with this platform. The combination of this catalytic activity 
with high basicity, simple preparation, and an organized molecular structure suggest that the GC2 
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All reactions were performed using oven- or flame-dried glassware under an atmosphere 
of dry argon with magnetic stirring, unless otherwise noted. Non-aqueous reagents were 
transferred by syringe under argon. Organic solutions were concentrated using a Buchi rotary 
evaporator. Methylene chloride, benzene, toluene, THF, and diethyl ether were dried using a J.C. 
Meyer solvent purification system. Triethylamine and diisopropylamine were distilled from 
CaH2 under argon. Quinoline was distilled from zinc dust under vacuum. Phosphorus 
pentachloride was purified by sublimation under vacuum at 180-200 °C and stored in a glove 
box. All other solvents and commercial reagents were used as provided unless otherwise noted. 
Flash column chromatography was performed employing 32-63 µm silica gel (Dynamic 
Adsorbents Inc). Thin-layer chromatography (TLC) was performed on silica gel 60 F254 plates 
(SiliCycle). 
1H and 13C NMR were recorded on Bruker DRX spectrometers in deuterated solvents and 
at frequencies as noted. Data for 1H NMR are reported as follows: chemical shift (δ, in ppm), 
multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, quint=quintet, hex=hextet, hept=heptet, 
m=multiplet, br=broad, app=apparent), coupling constant (J, in Hz), and integration. Data for 13C 
NMR are reported in terms of chemical shift. Low-resolution mass spectrometry (LRMS) was 
performed on a JEOL JMS-LCmate liquid chromatography spectrometer system using the 
APCI+ ionization mode, or a Waters Acquity UPC2 system using ESI+. High-resolution mass 
spectrometry (HRMS) was performed on a Xevo G2-XS QTof instrument. Elemental analysis 
was performed by Robertson Microlit Laboratories (Ledgewood, NJ). IR spectra were recorded 
on a Perkin-Elmer FTIR spectrometer. Data for IR are reported as follows: wavenumber (ν, in 








Based on published procedures,38,39 ethyl formate (17.7 mL, 220 mmol, 1.10 equiv) was added 
slowly to n-butylamine (19.8 mL, 200 mmol, 1.00 equiv) at 0 °C, then heated to 100 °C for 1 
hour, and 110 °C for 3 hours. The mixture was concentrated at 35 °C to remove most of the 
ethanol and unreacted ethyl formate, and distilled (78 °C/3-5 mmHg) to afford a clear, colorless 
oil (19.32 g, 95%). 1H NMR (300 MHz, CDCl3) ~3.5:1 mixture of rotamers δ 8.17 (s, 1H, major 
rotamer), 8.05 (d, J = 12.0 Hz, 1H, minor rotamer), 5.55 (br s, <1H), 3.31 (q, J = 6.7 Hz, 2H, 
major rotamer), 3.22 (q, J = 6.7 Hz, 2H, minor rotamer), 1.53 (m, 2H), 1.38 (m, 2H), 0.94 (t, J = 
7.2 Hz, 3H). 
n-Butyl isocyanide (177): 
 
 
Based on published procedures,38,40 a 500 mL 3-necked flask containing p-toluenesulfonyl 
chloride (54.70 g, 286.9 mmol, 1.50 equiv) and quinoline (91 mL, 770 mmol, 4.0 equiv) was 
                                                
(38) Kamer, P. C. J.; Nolte, R. J. M.; Drenth, W. J. Am. Chem. Soc. 1988, 110, 6818. 
(39) Moffat, J.; Newton, M. V.; Papenmeier, G. J. J. Org. Chem. 1962, 27, 4058. 
(40) Schuster, S. R. E.; Scott, J. E.; Casanova, J.; Dupont, J. A.; Emmons, W. D. Org. Synth. 
1966, 46, 75. 
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equipped with a magnetic stir bar, an addition funnel, a stopper, and an adapter connecting to a 
100 mL Schlenk flask via 1 foot of tubing. The Schlenk flask was cooled to -78 °C and 
connected to a vacuum line. The reaction was stirred at 75 °C under vacuum (~ 1 mmHg) and N-
n-butylformamide (176) (19.3 g, 191 mmol, 1.00 equiv) was added over 40 minutes. The 
reaction turned yellow, then orange, and finally red during the addition. After another 20 
minutes, the condensate was purified by vacuum transfer (~ 1 mmHg) leaving ~ 1 mL of material 
in the pot to afford a clear, colorless, foul-smelling oil (15.22 g, 96%). 1H NMR (300 MHz, 
CDCl3) δ 3.39 (m, 2H), 1.67 (m, 2H), 1.49 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H). 
n-Butyl carbonimidic dichloride (155): 
 
 
Based on the method of Ganem,41 a solution of sulfuryl chloride (14.75 mL, 182.0 mmol, 1.00 
equiv) in CH2Cl2 (35 mL) was added over 1 hour to a solution of n-butyl isocyanide (177) (19.0 
mL, 182 mmol, 1.00 equiv) in CH2Cl2 (150 mL) at -40 °C. After another 30 minutes at this 
temperature, the mixture was warmed to room temperature for 30 minutes and concentrated at 0 
°C/40 mmHg to a volume of ~ 25 mL. This residual liquid was distilled (up to 69 °C/40 mmHg, 
rejecting the first ~ 1 mL) to afford a clear, colorless oil (25.41 g, 91%). 1H NMR (300 MHz, 
CDCl3) δ 3.48 (t, J = 6.9 Hz, 2H), 1.63 (m, 2H), 1.38 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 13C NMR 
(75 MHz, CDCl3) δ 123.5, 54.8, 31.4, 20.5, 13.8. 
                                                
(41) Gober, C. M.; Le, H. V.; Ganem, B. Tetrahedron Lett. 2012, 53, 4536. 
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Similarly to the preparation of 176, ethyl formate (51.5 mL, 640 mmol, 1.20 equiv) and tert-
butylamine (56.0 mL, 533 mmol, 1.00 equiv) were heated in a sealed pressure flask at 100 °C for 
37 hours. The mixture was concentrated at 30 °C/20 mmHg to remove most of the ethanol and 
unreacted ethyl formate, and distilled (70-75 °C/3-5 mmHg) to afford a clear, colorless oil (46.15 
g, 86%). 1H NMR (300 MHz, CDCl3) ~ 1:1 mixture of rotamers δ 8.28 (d, J = 12.4 Hz, 1H), 8.04 
(s, 1H), 5.89 (s, 1H), 5.30 (s, 1H), 1.39 (s, 9H), 1.34 (s, 9H). 
tert-Butyl isocyanide (179): 
 
 
The same procedure used to prepare 177 was employed using a slightly smaller scale (N-tert-
butylformamide: 16.7 g, 165 mmol), and the condensate did not require further purification. This 
operation furnished a clear colorless oil (13.23 g, 96%). 1H NMR (300 MHz, CDCl3) 1.45 (m, 
9H). 
tert-Butyl carbonimidic dichloride (165): 
 
 
Based on the method of Ganem,41 a solution of sulfuryl chloride (12.9 mL, 159 mmol, 1.00 
equiv) in CH2Cl2 (30 mL) was added over 30 minutes to a solution of tert-butyl isocyanide (179) 
HCO2Et















CH2Cl2, -40 °C → rt, 1 h
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(13.2 g, 159 mmol, 1.00 equiv) in CH2Cl2 (170 mL) at -40 °C. After another 5 minutes at this 
temperature, the mixture was warmed to room temperature for 30 minutes and concentrated to a 
volume of ~ 25 mL. This residual liquid was distilled (62-65 °C/3-5 mmHg) to afford a clear, 
colorless oil (19.52 g, 80%). 1H NMR (300 MHz, CDCl3) 1.38 (s, 9H). 13C NMR (75 MHz, 
CDCl3) δ 116.4, 60.1, 28.7. 
Trichloro-tert-butyliminophosphorane (170) was prepared over 2 steps from tert-butylamine 
without modifying the method of Schwesinger.42 1H NMR (300 MHz, CDCl3) δ 1.35 (d, J = 2.5 




Based on the method of West,43 sodium trichloroacetate (775.0 g, 4.055 mol, 1.00 equiv) was 
crushed to remove any lumps and added to a 5 L flask containing trichloroethylene (1.25 L, 13.9 
mol, 3.44 equiv) and a magnetic stir bar. Two consecutive reflux condensers were attached and 
left open to the air, the mixture was refluxed behind a blast shield, and 1,2-dimethoxyethane (375 
mL) was added. After 64 hours, the mixture was cooled in a freezer for 2 hours, the upper black 
oil was decanted and the residual silt was suspended in water (3 L) and extracted with CH2Cl2 (3 
x 500 mL). The combined extracts were added to the decantate. This mixture was dried over 
MgSO4, concentrated, and distilled through an uncooled reflux condenser (75-83 °C/30 mmHg) 
                                                
(42) Schwesinger, R.; Willaredt, J.; Schlemper, H.; Keller, M.; Schmitt, D.; Fritz, H. Chem. 
Ber. 1994, 127, 2435. 




















to afford a clear, colorless oil (275.7 g, 32%) that was 97% pure as judged by 1H NMR (2% 
trichloroethylene, 1% DME). 1H NMR (300 MHz, CDCl3) δ 3.91 (s, 1H). 
Tetrachlorocyclopropene (156) was prepared from pentachlorocyclopropane (180) and KOH in 
50-60% yield without modifying the method of West.44 13C NMR (101 MHz, CDCl3) δ 122.7, 
62.5. 
Synthesis of Nucleophilic ‘Substituent’ Superbase Building Blocks 
Tris(piperidinyl)iminophosphorane P1 (153)•HBF4: 
 
 
Based on the method of Schwesinger,45 piperidine (54.7 mL, 554 mmol, 3.00 equiv) was added 
over 1 hour to a suspension of phosphorus pentachloride (38.5 g, 185 mmol, 1.00 equiv) in 
CH2Cl2 (380 mL) at -78 °C, causing the reaction to turn yellow. Triethylamine (77.2 mL, 554 
mmol, 3.00 equiv) was subsequently added over 1 hour at the same temperature, and the solution 
was stirred for 16 hours further while warming slowly to room temperature. Upon re-cooling to 0 
°C, gaseous ammonia was gently bubbled through the rust-colored suspension for 30 minutes, 
which turned cream-colored during this interval. After stirring for 30 minutes further, the 
suspension was filtered through celite (50 mL), washed with CH2Cl2 (400 mL), and the filtrate 
                                                
(44) Tobey, S. W.; West, R. J. Am. Chem. Soc. 1966, 88, 2481. 
(45) Schwesinger, R.; Schlemper, H.; Hasenfratz, C.; Willaredt, J.; Dambacher, T.; Breuer, T.; 
Ottaway, C.; Fletschinger, M.; Boele, J.; Fritz, H.; Putzas, D.; Rotter, H. W.; Bordwell, F. 
G.; Satish, A. V.; Ji, G.; Peters, E.-M.; Peters, K.; von Schnering, H. G.; Walz, L. Liebigs 
Ann. 1996, 1055. 
1. PCl5, Et3N, CH2Cl2
-78 °C → rt, 16 h












was concentrated to afford an orange solid. This solid was dissolved in water (60 mL), stirred, 
and treated with a solution of NaBF4 (24.4 g, 222 mmol, 1.20 equiv) in water (50 mL), 
immediately causing a large amount of material to precipitate. The slurry was filtered and the 
solid was air-dried for 3 hours. To remove residual triethylamine, the solids were dissolved in 
CH2Cl2 (300 mL), washed with 5% Na2CO3 (100 mL), the aqueous layer was saturated with 
NaBF4 and extracted with CH2Cl2 (25 mL), and the combined organic layers were dried over 
Na2SO4 and concentrated. The solid residue was recrystallized from EtOAc (600 mL) to afford a 
flaky orange solid (52.24 g, 73%). 1H NMR (500 MHz, CDCl3) δ 4.06 (d, J = 6.7 Hz, 2H), 3.10 
(m, 12H), 1.60 (m, 18H). 13C NMR (126 MHz, CDCl3) δ 45.9 (d, JPC = 1.8 Hz), 25.7 (d, JPC = 
4.7 Hz), 24.0. 31P NMR (162 MHz, CDCl3) δ 35.4. LRMS (APCI+) for C15H31N4P [MH]+ m/z 
calcd 299.24, found 299.22. IR (ATR) ν 3385 (w), 3300 (w), 2928 (w), 2855 (w), 1572 (w), 
1455 (w), 1372 (m), 1344 (m), 1283 (w), 1206 (m), 1170 (s), 1112 (m), 1077 (s), 1056 (s), 1028 
(s), 1012 (s), 955 (s), 928 (m), 895 (w), 855 (m), 834 (w), 728 (m), 716 (w), 637 (w), 556 (w), 
521 (w), 471 (m), 439 (m). 
2,3-Bis(diisopropylamino)cyclopropenimine C1 (154)•HCl: 
 
 
Diisopropylamine (120 mL, 860 mmol, 6.5 equiv) was added over 2 hours via an addition funnel 
to a solution of pentachlorocyclopropane (180) (33.34 g, 85%, 132 mmol, 1.00 equiv) in CH2Cl2 
(1.5 L) at 0 °C, and the solution was stirred for 15 hours further while warming slowly to room 
temperature. Upon re-cooling to 0 °C, ammonia was gently bubbled through the suspension for 
30 minutes, followed by more vigorous bubbling for 30 minutes. After stirring for 1 hour further, 
1. i-Pr2NH, CH2Cl2
0 °C → rt, 15 h














the suspension was filtered through celite (150 mL), washed with CH2Cl2 (300 mL), and the 
filtrate was concentrated to afford a tan-orange solid. This material was dissolved in water (2 L), 
treated with Na2CO3 (79 g, 750 mmol, 5.6 equiv), washed with EtOAc (6 x 200 mL) until the 
aqueous layer was pale yellow, saturated with NaCl, and extracted with CH2Cl2 (3 x 350 mL). 
The combined CH2Cl2 extracts were then dried over Na2SO4 and concentrated to afford a light 
yellow solid. This crude solid was recrystallized from ~ 3:1 EtOAc/CH2Cl2 (550 mL) and slowly 
evaporated over 5 days to a volume of 500 mL, followed by standing at -20 °C for 3 weeks to 
yield large colorless prisms (33.1 g, 87%). 1H NMR (500 MHz, CDCl3) δ 7.96 (s, 2H), 3.79 
(hept, J = 6.7 Hz, 24H), 1.34 (d, J = 6.9 Hz, 24H). 13C NMR (126 MHz, CDCl3) δ 116.1, 113.1, 
50.6, 22.5. LRMS (APCI+) for C15H29N3 [MH]+ m/z calcd 252.24, found 252.25. IR (ATR) ν 
2974 (w), 1635 (m), 1506 (s), 1453 (m), 1358 (s), 1214 (m), 1195 (m), 1152 (m), 1136 (m), 1048 
(w), 992 (w), 943 (w), 892 (w), 718 (m), 612 (w), 561 (w), 503 (m). 
Liberation of nucleophilic ‘substituent’ building blocks as free bases on scale 
 
 
Salts of compounds 153 or 154 (up to 10 g) were dissolved in CH2Cl2 (0.03-0.1 M) and washed 
with 1-3 M NaOH (3 x 50-80 equiv), dried over K2CO3, and concentrated. Free base 154 was 
obtained as an air-stable white solid in 90-98% yields and could be weighed on the bench. In 
























concentrated and subsequently handled under inert atmosphere; amounts were calculated based 
the quantity of the HBF4 salt initially employed. 
Evaluation of the extent of deprotonation by the above procedure 
Samples of 153 and 154 salts in CD3CN gave NMR spectra of the fully protonated forms 
of these superbases. 
To generate the fully deprotonated free bases, CD3CN solutions (0.1 M) of these salts 
were stirred with KOt-Bu (5-6 equiv) under argon for 30 minutes and quickly filtered into NMR 
tubes. The resulting NMR spectra were assumed to deprotonate the superbases quantitatively 
(the internally consistent application of this method to generate free bases in the pKBH+ 
determination section validated this method). 
Finally, samples obtained from the aqueous NaOH washing procedure were dissolved in 
CD3CN and compared to the fully protonated and fully deprotonated forms. NMR spectra from 
these experiments are included following the CDCl3 spectra of the conjugate acids. This 
comparison indicated that the aqueous NaOH washes gave 153 as 98% deprotonated and 154 as 
95% deprotonated. 
Synthesis of First-Order Superbases 
N1-n-butyl-N2, N2, N3, N3-tetramethylguanidine G1 (172)•HPF6:46 
 
 
Dimethylamine (excess) was gently bubbled through a solution of n-butyl carbonimidic 
dichloride (5) (0.77 g, 5.0 mmol, 1.0 equiv) in THF (40 mL) for 10 minutes. A precipitate 
                                                
(46) Li, S.; Lin, Y.; Xie, H.; Zhang, S.; Xu, J. Org. Lett. 2006, 8, 391. 
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formed, and after 20 minutes further, the mixture was concentrated and dissolved in CH2Cl2 (30 
mL). This solution was washed with KPF6 (1.85 g, 10 mmol, 2.0 equiv) in 5% Na2CO3 (30 mL), 
the aqueous layer was extracted with CH2Cl2 (10 mL), and the combined organic extracts were 
washed with 0.25 M KPF6 (20 mL), dried over Na2SO4, and concentrated. The residue was 
dissolved in toluene (4 mL) and a minimum of CH2Cl2 (~ 4 mL), and hexanes was diffused into 
this solution at -20 °C for 2 days, forming a biphasic mixture. The resulting system was stirred at 
-78 °C for 2 hours and filtered to afford a white solid (687 mg, 43%). 1H NMR (500 MHz, 
CDCl3) δ 5.44 (br s, 1H), 3.18 (dt, J = 7.3, 5.8 Hz, 2H), 2.99 (s, 12H), 1.62 (m, 2H), 1.36 (hex, J 
= 7.5 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 161.7, 45.4, 39.8, 31.9, 
19.9, 13.7. LRMS (APCI+) for C9H21N3 [MH]+ m/z calcd 172.18, found 172.19. IR (ATR) ν 
3395 (w), 3148 (w), 2973 (w), 2937 (w), 1618 (m), 1586 (m), 1509 (m), 1455 (m), 1404 (w), 
1371 (w), 1346 (w), 1215 (w), 1193 (w), 1150 (w), 1135 (w), 1042 (m), 840 (s), 826 (s), 556 (s), 
499 (w). 
Tris(piperidinyl)(n-butylimino)phosphorane P1 (174)•HBF4: 
 
 
Based on the method of Schwesinger,45 piperidine (2.95 mL, 29.9 mmol, 3.00 equiv) was added 
over 1 hour to a suspension of phosphorus pentachloride (2.07 g, 9.94 mmol, 1.00 equiv) in 
CH2Cl2 (25 mL) at -78 °C, causing the reaction to turn yellow. Triethylamine (4.20 mL, 30.1 
mmol, 3.03 equiv) was subsequently added over 1 hour at the same temperature, and the solution 
was stirred for 14 hours further while warming slowly to room temperature. Upon re-cooling to 0 
1. PCl5, Et3N, CH2Cl2
-78 °C → rt, 15 h
2. n-BuNH2














°C, CH2Cl2 (15 mL) and n-butylamine (2.95 mL, 29.9 mmol, 3.00 equiv) were added. After 
warming slowly to room temperature, stirring for 4 days further, the solution was diluted with 
CH2Cl2 (35 mL), washed with 1 M HCl (3 x 15 mL), each wash was extracted with CH2Cl2 (5 
mL), and the combined organic layers were concentrated. The residue was dissolved in 5% 
Na2CO3 (25 mL), washed with diethyl ether (2 x 10 mL), treated with NaBF4 (2.20 g, 20.0 
mmol, 2.01 equiv), extracted into CH2Cl2 (3 x 15 mL), and the combined organic layers were 
dried over Na2SO4 and concentrated to leave a yellow semisolid. Recrystallization from ~ 2:1 
EtOAc/hexanes (20 mL), after evaporating to a volume of ~ 5 mL provided the 
phosphazene•HBF4 as a white solid (1.60 g, 36%). 1H NMR (400 MHz, CDCl3) δ 4.38(m, 1H), 
3.11 (m, 12H), 2.90 (m, 2H), 1.73 – 1.48 (overlapping signals, 20H), 1.35 (hex, J = 7.4 Hz 2H), 
0.93 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 46.2, 41.4, 33.3 (d, JPC = 6.7 Hz), 25.6 
(d, JPC = 4.8 Hz), 23.8, 19.8, 13.6. 31P NMR (162 MHz, CDCl3) δ 34.4. LRMS (APCI+) for 
C19H39N4P [MH]+ m/z calcd 355.30, found 355.29. IR (ATR) ν 3319 (w), 2960 (w), 2935 (w), 
2862 (w), 1618 (w), 1587 (w), 1508 (m), 1454 (m), 1370 (m), 1346 (m), 1212 (w), 1167 (m), 
1125 (w), 1103 (m), 1062 (s), 1024 (s), 958 (s), 838 (s), 717 (m), 558 (m), 520 (w), 501 (w), 465 
(w), 442 (w). 
2,3-Bis(diisopropylamino)-N-n-butylcyclopropenimine C1 (173)•HBF4: 
 
 
Diisopropylamine (8.7 mL, 62 mmol, 6.0 equiv) was added over 1 hour to a solution of 
pentachlorocyclopropane (180) (1.33 mL, 10.4 mmol, 1.00 equiv) in CH2Cl2 (75 mL) at 0 °C, 
and the solution was stirred for 6 hours further while warming slowly to room temperature. Upon 
1. i-Pr2NH, CH2Cl2
0 °C → rt, 7 h
2. n-BuNH2
















re-cooling to 0 °C, n-butylamine (3.1 mL, 31 mmol, 3.0 equiv) was added and the mixture was 
stirred for 14 hours further. This solution was then washed with sat. NH4Cl (2 x 40 mL) and a 
combination of 0.5 M Na2CO3 and 1 M NaBF4 (2 x 20 mL), dried over Na2SO4, and 
concentrated to afford an orange solid that was recrystallized twice from 2:1 EtOAc/hexanes (50 
mL) to yield a coarse white solid (3.11 g, 76%). 1H NMR (400 MHz, CDCl3) δ 6.54 (br s, 1H), 
3.81 (hept, J = 6.9 Hz, 4H), 3.44 (dt, J = 7.4, 6.2 Hz, 2H), 1.68 (m, 2H), 1.45 – 1.24 (overlapping 
signals, 26H), 0.94 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 116.3, 113.8, 50.7, 46.6, 
32.9, 22.0, 19.7, 13.7. LRMS (APCI+) for C19H37N7 [MH]+ m/z calcd 308.31, found 308.28. IR 
(ATR) ν 3329 (w), 2972 (w), 2937 (w), 2873 (w), 1521 (s), 1454 (w), 1371 (w), 1344 (m), 1213 
(w), 1193 (w), 1156 (w), 1140 (w), 1066 (s), 1010 (s), 636 (w), 559 (w), 520 (w), 501 (w). 
Synthesis of Higher-Order Superbases 
Bis(N2, N2, N3, N3-tetramethylguanidinyl)-N-n-butylimine G3 (163)•HCl: 
 
 
A mixture of tetramethylguanidine (142) (8.20 mL, 65.4 mmol, 3.26 equiv) and n-butyl 
carbonimidic dichloride (155) (3.09 g, 20.1 mmol, 1.00 equiv) in toluene (45 mL) was heated at 
90 °C for 6 hours. The resulting slurry was filtered and washed with toluene (50 mL), and the 
filtrate was concentrated. The filtrate and the solid residues were separately dissolved in CH2Cl2 
(75 mL), washed with sat. NH4Cl (3 x 35 mL), dried over Na2SO4, and concentrated. Each 
residue was then recrystallized from EtOAc (solid, 200 mL; filtrate, 50 mL) to provide two crops 
of spectroscopically identical white solids. The material was combined and again recrystallized 
from EtOAc (225 mL) to provide the triguanide•HCl as a white solid (4.37 g, 63%). 1H NMR 
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(500 MHz, CDCl3) δ 8.62 (s, 1H), 3.32 (app q, 2H), 2.92 (app d, 24H), 1.68 (m, 2H), 1.39 (hex, J 
= 7.5 Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.4, 162.6, 161.5, 42.6, 
40.1, 39.9, 31.8, 20.3, 13.8. LRMS (APCI+) for C15H33N7 [MH]+ m/z calcd 312.29, found 
312.26. IR (ATR) ν 3329 (w), 2969 (w), 2936 (w), 2873 (w), 1518 (s), 1455 (m), 1374 (m), 1344 
(m), 1213 (w), 1193 (w), 1157 (m), 1140 (m), 1061 (s), 1026 (s), 1011 (s), 960 (w), 718 (w), 559 
(w), 520 (w), 500 (w). 
Bis(tris(piperidinyl)iminophosphoranyl)-N-n-butylimine GP2 (164)•HBF4: 
 
 
A mixture of phosphazene 153 (from 5.79 g of the HBF4 salt, 15.0 mmol, 5.00 equiv) and n-
butyl carbonimidic dichloride (155) (462 mg, 3.00 mmol, 1.00 equiv) in toluene (50 mL) was 
heated at 95 °C for 20 hours. The resulting slurry was diluted with toluene (50 mL), washed with 
25% sat. NH4Cl (3 x 50 mL), sat. NaHCO3 (2 x 25 mL), and 1 M NaBF4 (2 x 25 mL), dried over 
Na2SO4, and concentrated. The resulting solid was recrystallized by diffusion of hexanes into a 
saturated solution of hot toluene (15 mL) for 2 days at -20 °C to provide a white solid (2.04 g, 
89%). 1H NMR (500 MHz, CDCl3) δ 5.31 (m, 1H), 3.26 (dt, J = 7.3, 5.8 Hz, 2H), 3.07 (s, 24H), 
1.72 – 1.43 (overlapping signals, 38H), 1.33 (hex, J = 7.4 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C 
NMR (126 MHz, CDCl3) δ 158.2, 46.5 (d, JPC = 17.6 Hz), 43.2, 32.0, 26.3, 24.4 (d, JPC = 29.3 
Hz), 20.3, 14.0. 31P NMR (162 MHz, CDCl3) δ 23.6, 19.8. HRMS (APCI+) for C35H69N9P2 




























54.90% C, 9.21% H, 16.46% N, found 54.73% C, 9.49% H, 16.28% N. IR (ATR) ν 3182 (w), 
2932 (w), 2872 (w), 1523 (m), 1474 (m), 1452 (m), 1400 (m), 1375 (s), 1345 (m), 1311 (w), 
1230 (w), 1209 (w), 1166 (m), 1053 (s), 1033 (s), 951 (m), 900 (w), 859 (w), 835 (w), 807 (w), 
756 (w), 725 (w), 676 (w), 615 (w), 567 (w), 520 (w). 
Bis(2,3-bis(diisopropylamino)cyclopropeniminyl)-N-n-butylimine GC2 (162)•HBF4: 
 
 
A 3 M solution of potassium hydroxide (13.75 mL, 41.25 mmol, 4.04 equiv) was added to a 
solution of cyclopropenimine 154•HCl (5.88 g, 20.4 mmol, 2.00 equiv) and n-butyl carbonimidic 
dichloride (155) (1.65 g, 10.7 mmol, 1.00 equiv) in CH2Cl2 (100 mL) at 0 °C. After stirring for 
72 hours, the CH2Cl2 was evaporated, the residue was dissolved in EtOAc (250 mL), extracted 
with 1 M HCl (3 x 75 mL), and extracted from the combined aqueous layers with CH2Cl2 (3 x 75 
mL). The combined CH2Cl2 layers were washed with 5% Na2CO3 (75 mL) and concentrated. 
This residue was dissolved in EtOAc (150 mL), washed with sat. NH4Cl (50 mL), 50% sat. 
NH4Cl (2 x 50 mL), and a combination of 5% Na2CO3 and 1 M NaBF4 (2 x 25 mL), dried over 
Na2SO4, and concentrated. The resulting pale yellow solid was recrystallized from ~ 10:1 
EtOAc/hexanes (125 mL) for 6 days at -20 °C to provide a white solid (5.67 g, 79%). 1H NMR 
(500 MHz, CDCl3) δ 4.52 (t, J = 5.6 Hz, 1H), 3.89 (hept, J = 6.7 Hz, 8H), 3.31 (dt, J = 7.4, 5.8 
Hz, 2H), 1.59 (m, 2H), 1.39 – 1.18 (overlapping signals, 50H), 0.91 (t, J = 7.4 Hz, 3H). 13C 
NMR (126 MHz, CDCl3) δ 161.0, 121.9, 120.4, 50.3, 42.9, 32.1, 22.1, 20.3, 14.0. HRMS (ESI+) 


























(w), 2934 (w), 2874 (w), 1508 (m), 1484 (m), 1452 (m), 1422 (m), 1372 (m), 1340 (s), 1215 (w), 
1161 (m), 1092 (m), 1043 (s), 1032 (s), 956 (w), 932 (w), 900 (w), 757 (w), 723 (w), 680 (w), 
614 (w), 571 (w), 518 (w), 504 (w). 
Bis(2,3-bis(diisopropylamino)cyclopropeniminyl)-N-tert-butylimine GC2 (166)•HBF4: 
 
 
A solution of tert-butyl carbonimidic dichloride (165) (1.17 g, 7.60 mmol, 1.00 equiv) in CH2Cl2 
(8 mL) was added to a solution of cyclopropenimine 154 (7.68 g, 30.6 mmol, 4.02 equiv) in 
CH2Cl2 (200 mL) at 0 °C. After stirring for 42 hours, the CH2Cl2 was evaporated, the residue 
was suspended in EtOAc (200 mL), washed with 50% sat. NH4Cl (2 x 75 mL) and a combination 
of 5% Na2CO3 and 1 M NaBF4 (2 x 25 mL), dried over Na2SO4, and concentrated. This solid was 
recrystallized from ~ 2:1 EtOAc/hexanes (50 mL) for 2 days at -20 °C to provide a white solid 
(3.44 g, 67%). 1H NMR (500 MHz, CDCl3) δ 4.09 (s, 1H), 3.87 (hept, J = 6.8 Hz, 8H), 1.43 (s, 
9H), 1.29 (d, J = 6.8 Hz, 48H). 13C NMR (126 MHz, CDCl3) δ 159.4, 121.5, 120.4, 51.9, 50.3, 

























Tris(N2, N2, N3, N3-tetramethylguanidinyl)(n-butylimino)phosphorane PG3 (168)•HBF4: 
 
 
Based on the method of Kolomeitsev and coworkers,47 tetramethylguanidine (142) (3.78 mL, 
29.9 mmol, 6.00 equiv) was added over 30 minutes to a suspension of phosphorus pentachloride 
(1.07 g, 5.14 mmol, 1.02 equiv) in CH2Cl2 (50 mL) at -78 °C, and warmed slowly to room 
temperature over 9 hours. Upon re-cooling to -40 °C, n-butylamine (2.30 mL, 23.3 mmol, 4.53 
equiv) was added. After warming slowly to room temperature, stirring for 8 days further, the 
solution was washed with sat. NH4Cl (2 x 25 mL), 2 M Na2CO3 (20 mL), and a combination of 
0.5 M Na2CO3 and 1 M NaBF4 (2 x 10 mL), dried over Na2SO4, and concentrated and the 
combined organic layers were concentrated. The resulting white solid was filtered through silica 
gel (30 mL) with 5% methanol/CH2Cl2 (1.5 L), concentrated, and recrystallized from ~ 2:1 
EtOAc/hexanes (15 mL) while diffusing in further hexanes at -20 °C to provide the 
phosphazene•HBF4 as a white solid (1.89 g, 69%). 1H NMR (400 MHz, CDCl3) δ 2.88 (s, 36H), 
2.74 (quint, J = 7.1 Hz, 2H), 2.38 (app q, 1H), 1.46 (m, 2H), 1.31 (hex, J = 7.4, 2H), 0.90 (t, J = 
7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 160.7, 41.1, 40.3, 34.0, 33.9, 20.2, 13.9. 31P NMR 
(162 MHz, CDCl3) δ -9.42. LRMS (APCI+) for C19H45N10P [MH]+ m/z calcd 445.36, found 
455.38. IR (ATR) ν 3331 (w), 2961 (w), 2936 (w), 2873 (w), 1516 (s), 1468 (m), 1418 (m), 1403 
                                                
(47) Kolomeitsev, A. A.; Koppel, I. A.; Rodima, T.; Barten, J.; Lork, E.; Röschenthaler, G.-
V.; Kaljurand, I.; Kütt, A.; Koppel, I.; Mäemets, V.; Leito, I. J. Am. Chem. Soc. 2005, 
127, 17656. 
1. PCl5, CH2Cl2
-78 °C → rt, 9 h
2. n-BuNH2





















(m), 1378 (m), 1342 (m), 1234 (w), 1213 (w), 1195 (w), 1146 (m), 1101 (m), 1053 (s), 1032 (s), 





A solution of cyclopropenimine 154 (5.29 g, 21.0 mmol, 6.05 equiv) in CH2Cl2 (20 mL) was 
added over 2 hours to a suspension of phosphorus pentachloride (724 mg, 3.48 mmol, 1.00 
equiv) in CH2Cl2 (15 mL) at -78 °C, and warmed slowly to room temperature. After 48 hours, n-
butylamine (0.70 mL, 7.1 mmol, 2.0 equiv) and triethylamine (1.5 mL, 11 mmol, 3.1 equiv) were 
added and the mixture was stirred for 4 days. The solution was then concentrated, suspended in 
EtOAc (100 mL), and filtered, and the filtrate was washed with sat. NH4Cl (2 x 25 mL) and a 
combination of 0.5 M Na2CO3 and 0.5 M KPF6 (2 x 20 mL), dried over Na2SO4, and 
concentrated. The resulting yellow solid (3.09 g) was judged to be 74% pure vs. an internal Bn2O 
1H NMR standard representing a yield of 66%. All attempts to purify this material by 
chromatography on silica or alumina gel, or by recrystallization from a variety of solvents at an 
array of concentrations and temperatures either gave a negligible improvement in purity or 
decomposed the material further, so this impure mixture was partially characterized (NMR 
spectra are included), and its pKBH+ could not be determined. The following data was tentatively 
assigned to the title compound: 1H NMR (500 MHz, CDCl3) δ 3.92 (quint, J = 6.8 Hz, 12H), 
2.87 (m, 2H), 2.80 (m, 1H), 0.84 (t, J = 7.3 Hz, 3H). 31P NMR (202 MHz, CDCl3) δ 15.57. 
1. PCl5, CH2Cl2




























A solution of trichlorophosphorane 170 (1.05 g, 5.04 mmol, 1.00 equiv) in THF (5 mL) was 
added dropwise to a solution of cyclopropenimine 154 (2.82 g, 11.2 mmol, 2.23 equiv) in THF 
(70 mL) at -78 °C. After 4 hours, the reaction was warmed to 0°C, and after 2 hours at this 
temperature, piperidine (2.5 mL, 25 mmol, 5.0 equiv) was added. After 24 hours further while 
warming to room temperature, the reaction was concentrated, and the residue was suspended in 
EtOAc (150 mL), washed with sat. NH4Cl (2 x 75 mL), 50% sat. NH4Cl (75 mL), and a 
combination of 0.5 M Na2CO3 and 1 M NaBF4 (2 x 20 mL), dried over Na2SO4, and 
concentrated. The resulting yellow solid (3.21 g) was recrystallized from ~ 2:1 EtOAc/hexanes 
(100 mL) while diffusing in further hexanes at -20 °C to provide the phosphazene•HBF4 as a 
white solid (2.71 g, 88%).1H NMR (500 MHz, CDCl3) δ 3.92 (hept, J = 6.9 Hz, 4H), 3.28 (d, J = 
12.1 Hz, 1H), 3.19 (m, 4H), 3.08 (m, 4H), 1.63 – 1.52 (m, 12H), 1.33 (d, J = 7.0 Hz, 24H), 1.29 
(s, 9H). 13C NMR (126 MHz, CDCl3) δ 119.4 (d, JPC = 22.1 Hz), 118.5, 52.1, 49.7, 46.2, 31.4 (d, 
JPC = 3.9 Hz), 26.1 (d, JPC = 5.3 Hz), 24.4, 22.0. 31P NMR (121 MHz, CDCl3) δ 16.18. HRMS 
(ESI+) for C29H57N6P [MH]+ m/z calcd 521.4461, found 521.4469. 
•HBF4
1.                    ,
THF, -78 → 0 °C, 6 h
2.              ,























Bis(N2, N2, N3, N3-tetramethylguanidinyl)-N-n-butylcyclopropenimine CG2 (158)•HBF4:  
 
 
A solution of tetramethylguanidine (142) in CH2Cl2 (5.50 mL TMG diluted to a volume of 19.6 
mL, used 18.2 mL, 40.7 mmol TMG, 3.99 equiv) was added at -78 °C over 1 hour to a solution 
of tetrachlorocyclopropene (156) (1.25 mL, 10.2 mmol, 1.0 equiv) in CH2Cl2 (50 mL). After 
stirring for 3 hours further at this temperature, the reaction was warmed to room temperature for 
30 minutes, cooled to 0°C, and n-butylamine (2.5 mL, 25 mmol, 2.5 equiv) was added. After 16 
hours, the reaction was concentrated, redissolved in 1:1 EtOAc/CH2Cl2 (100 mL), and extracted 
into sat. NH4Cl (3 x 40 mL). The combined aqueous extracts were washed with CH2Cl2 (3 x 40 
mL), then these combined organic layers were washed with sat. NH4Cl (2 x 30 mL) and a 
combination of 0.5 M Na2CO3 and 1 M NaBF4 (2 x 20 mL), dried over Na2SO4, and 
concentrated. The resulting brown syrup was purified by flash chromatography (5% → 8% 
methanol/CH2Cl2) on silica gel (250 mL) to provide a yellow semisolid. This material was 
recrystallized from ~ 4:1 EtOAc/hexanes (30 mL) while diffusing in further hexanes at -20 °C to 
provide the HBF4 salt of the title compound as a yellow solid (2.51 g, 58%). 1H NMR (400 MHz, 
CDCl3) δ 6.58 (t, J = 5.3 Hz, 1H), 3.36 (app q, 2H), 2.96 (s, 24H), 1.67 (m, 2H), 1.38 (hex, J = 
7.5 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 167.7, 128.5, 124.4, 123.4, 
46.3, 39.8, 32.2, 19.3, 13.5. HRMS (ESI+) for C17H33N7 [MH]+ m/z calcd 336.2876, found 
336.2881. Elemental analysis for C17H34N7BF4 calcd 48.24% C, 8.10% H, 23.16% N, found 
48.21% C, 8.37% H, 22.98% N. IR (ATR) ν 3349 (w), 3182 (w), 2933 (w), 2874 (w), 1522 (m), 
1. CH2Cl2
-78 °C → rt, 4.5 h
2. n-BuNH2



















1474 (m), 1444 (m), 1427 (m), 1402 (m), 1377 (s), 1346 (m), 1311 (w), 1230 (w), 1167 (w), 
1146 (w), 1092 (m), 1046 (s), 1033 (s), 1000 (m), 920 (w), 901 (m), 806 (w), 756 (w), 680 (w), 
616 (w), 567 (w), 520 (w), 420 (w), 520 (w), 463 (w), 435 (w). 
2,3-Bis(tris(piperidinyl)iminophosphoranyl)-N1,N2-di-n-butylacrylamidine (159)•HBF4: 
 
A 3 M solution of potassium hydroxide (2.00 mL, 6.00 mmol, 3.98 equiv) was added to a 
solution of phosphazene 153•HBF4 (1.16 g, 3.00 mmol, 1.9 equiv) and tetrachlorocyclopropene 
(156) (185 µL, 1.51 mmol, 1.00 equiv) in CH2Cl2 (30 mL) at 0 °C. After stirring for 1 hour, the 
layers were separated; the organic layer was dried over Na2SO4, and quickly filtered into a 
second dry flask under argon at 0 °C. n-Butylamine (0.74 mL, 7.5 mmol, 5.0 equiv) was added 
and the solution was stirred for 72 hours further while warming slowly to room temperature. The 
reaction was then washed with 5% Na2CO3 (3 x 25 mL), dried over Na2SO4, and concentrated. 
The residue was purified by chromatography (CH2Cl2 → 5% methanol/CH2Cl2) on neutral 
alumina (125 mL) and recrystallized from EtOAc (5 mL) while slowly diffusing in hexanes over 
2 weeks to afford a light peach solid (1.28 g, yield not determined). This procedure gave the 
highest purity of the major product, albeit still contaminated with an unidentified compound. No 
evidence was found for the desired bis(phosphazenyl)cyclopropenimine. The NMR spectra of the 
mixture are included, and the following data are tentatively used to assign the title structure: 1H 
NMR (500 MHz, CDCl3) δ 9.67 (app. q, J = 6.9 Hz, 1H), 4.62 (t, J = 4.8 Hz, 1H), 4.09 (d, J = 
7.4 Hz, 1H), 3.29 (q, J = 6.8 Hz, 2H), 3.15 – 3.00 (overlapping signals, contains 24H from 
1. KOH, CH2Cl2/H2O
0 °C, 1 h
2. n-BuNH2































piperidinyl groups and the NCH2 for one n-butyl residue), 1.73 – 1.43 (overlapping signals, 
contains 36H from piperidinyl groups and the NCH2CH2 for both n-butyl residues), 1.40 (m, 
2H), 1.34 (m, 2H with some overlap), 0.95 (t, J = 7.1 Hz, 3H), 0.90 (d, J = 7.4 Hz, 3H). 31P 
NMR (202 MHz, CDCl3) δ 21.90, 19.17. LRMS (APCI+) for C43H82N8P2 [MH]+ m/z calcd 





A 3 M solution of potassium hydroxide (20.25 mL, 60.75 mmol, 4.03 equiv) was added to a 
solution of cyclopropenimine 154•HCl (8.71 g, 30.3 mmol, 2.01 equiv) and 
tetrachlorocyclopropene (156) (1.85 mL, 15.1 mmol, 1.00 equiv) in CH2Cl2 (300 mL) at 0 °C. 
After stirring for 1 hour, the layers were separated; the organic layer was dried over Na2SO4, and 
quickly filtered into a second flask at 0 °C. n-Butylamine (1.4 mL, 14 mmol, 4.8 equiv) was 
added and the solution was stirred for 21 hours further while warming slowly to room 
temperature. The reaction was then washed with a combination of 0.5 M Na2CO3 and 0.5 M 
NaBF4 (2 x 100 mL), dried over Na2SO4, and concentrated. The residue was redissolved in 
EtOAc (300 mL), washed with sat. NH4Cl (3 x 50 mL) and a combination of 0.5 M Na2CO3 and 
1 M NaBF4 (50 mL), dried over Na2SO4, and concentrated to provide a tan solid (11.75 g). This 
material was dissolved in hot EtOAc (125 mL), cooled to room temperature, and hexanes was 
diffused in for 3 days, followed by standing at -20 °C overnight. The product crystallized as 
1. KOH, CH2Cl2/H2O
0 °C, 1 h
2. n-BuNH2
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large yellow prisms (8.00 g) that were spectroscopically pure, although the recrystallization was 
repeated on ~ 80% of the previous scale and deposited white prisms (7.93 g, 76%). 1H NMR 
(400 MHz, CDCl3) δ 5.73 (s, 1H), 3.84 (hept, J = 6.7 Hz, 8H), 3.30 (app q, 2H), 1.66 (m, 2H), 
1.42 – 1.18 (overlapping signals, 50H), 0.91 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 
128.0, 124.2, 122.3, 119.7, 50.2, 46.5, 32.7, 21.9, 19.6, 13.6. HRMS (ESI+) for C37H65N7 [MH]+ 
m/z calcd 608.5380, found 608.5383. Elemental analysis for C37H66N7BF4 calcd 63.87% C, 
9.56% H, 14.09% N, found 63.59% C, 9.76% H, 13.98% N. IR (ATR) ν 3337 (w), 2972 (w), 
2935 (w), 2874 (w), 1501 (s), 1470 (m), 1453 (m), 1432 (s), 1405 (m), 1384 (m), 1334 (s), 1241 
(w), 1217 (m), 1192 (m), 1161 (m), 1133 (m), 1106 (w), 1063 (s), 1024 (s), 884 (w), 839 (w), 
763 (w), 741 (w), 660 (w), 581 (w), 554 (w), 516 (w), 503 (w). 
Liberation of Higher-Order Superbases 
In a glove box, a solution of KOt-Bu (1 M in THF, 1.0 equiv) was added to a solution of 
superbase conjugate acid salt in THF (~ 0.2 M) at room temperature. After 5-10 minutes, the 
solution was filtered (0.2 µm PTFE), washed with THF, concentrated, redissolved in PhMe, 
filtered again, and concentrated. 
Attempts to perform this procedure on a vacuum line invariably failed, with trace to 
moderate decomposition occurring, likely due to the modest lower limit of our vacuum pressures 
(~ 1 mmHg). Due to the impracticality of this procedure compared to deprotonation in situ for 
synthetic purposes, we typically only liberated smaller quantities of free bases for 
characterization. 
G3 (163): Second filtration performed using pentane instead of PhMe. Pale yellow syrup (30 mg, 
96%, 0.1 mmol scale). 1H NMR (500 MHz, CD3CN) δ 2.98 (t, J = 6.9 










= 7.3 Hz, 3H). 
GP2 (164): White solid (66 mg, 97%, 0.1 mmol scale). 1H NMR (300 MHz, d8-PhMe) δ 3.67 (t, 
J = 6.8 Hz, 2H), 3.17 (m, 24H), 1.83 (m, 2H), 1.71 (m, 2H), 1.48 (br 




n-Bu-GC2 (162): White semisolid (53 mg, 91%, 0.1 mmol scale). 1H NMR (300 MHz, d8-
PhMe) δ 4.07 (br app quint, J = 6.8 Hz, 4H), 3.85 (t, J = 7.2 Hz, 
2H), 3.67 (br app quint, J = 6.8 Hz, 4H), 1.89 (m, 2H), 1.68 (hex, J 
= 7.3 Hz, 2H), 1.23 – 1.02 (overlapping signals, 50H). 
t-Bu-GC2 (166): White semisolid (578 mg, 99%, 1 mmol scale). 1H NMR (300 MHz, d8-PhMe) 
δ 4.18 (br m, 4H), 3.70 (br m, 4H), 1.80 (s, 9H), 1.13 (br m, 48H). 
 
 
PC1 (171): White solid (49 mg, 94%, 0.1 mmol scale). 1H NMR (300 MHz, d8-PhMe) δ 3.88 
(hept, J = 6.8 Hz, 4H), 3.43 (m, 8H), 1.56 (br s, 12H), 1.53 (d, J = 1.1 Hz, 
9H), 1.13 (d, J = 6.7 Hz, 24H). 31P NMR (121 MHz, d8-PhMe) δ 4.68. 
 
 
CG2 (158): Liberated at -20 °C.Pale yellow syrup (31 mg, 92%, 0.1 mmol scale). 1H NMR (300 
MHz, d8-PhMe) δ 3.63 (t, J = 6.7 Hz, 2H), 2.65 (s, 12H), 2.53 (s, 









































C3 (157): Yellow-orange solid (54 mg, 89%, 0.1 mmol scale). 1H NMR (300 MHz, d8-PhMe) δ 
3.96 (quint, J = 6.7 Hz, 4H), 3.84 (t, J = 6.7 Hz, 2H), 3.60 (quint, 
J = 6.3 Hz, 4H), 1.89 (quint, J = 6.8 Hz, 2H), 1.70 (m, 7.2 Hz, 
2H), 1.20 – 1.06 (overlapping signals, 51H). 
 
Alkylation Studies 
Alkylation vs. Elimination Selectivity with iso-Butyl Bromide 
 
A solution of KOt-Bu (1 M in t-BuOH, 0.10 mL, 0.10 mmol, 1.0 equiv) was added to a solution 
of higher-order superbase conjugate acid salt (0.10 mmol, 1.0 equiv) in THF (0.5 mL). After 10 
minutes, 1-bromo-2-methylpropane (0.11 mL, 1.0 mmol, 10 equiv) was added, and the reaction 
was heated at 60 °C for 6 hours. After cooling to room temperature, the reaction was quenched 
with a combination of 0.2 M NaBF4 and 10% sat. NaHCO3 (10 mL), extracted with CH2Cl2 (2 x 
10 mL), dried over Na2SO4 and concentrated. The crude mixture was analyzed by 1H NMR 
spectroscopy and mass spectrometry. The alkylation/elimination ratio was determined by the 
relative amounts of the alkylated and protonated superbases in the spectrum, and where 






































G3 163 CH2n-Pr 
CH2i-Pr 
C19H42N7+ 368.35 368.34 NH 
CH2n-Pr 
67:33 
GP2 164 CHMe2 C39H78N9P2+ 734.59        nd NH 3 : 97 
n-Bu-GC2 162 CH2i-Pr C39H74N7+ 640.60 640.67 NH 31:69 
t-Bu-GC2 166 CH2i-Pr C39H74N7+ 640.60        nd NH 3 : 97 
CG2 158 CH2i-Pr C21H42N7+ 392.35 392.30 NH 78:22 
C3 157 CH2n-Pr 
CH2i-Pr 




Methylation of GC2 Superbases 
 
A solution of KOt-Bu (1 M in t-BuOH, 0.080 mL, 0.080 mmol, 1.0 equiv) was added to a 
solution of GC2•HBF4 (54 mg, 0.080 mmol, 1.0 equiv) in THF (0.55 mL) After 10 minutes, 
iodomethane (10 µL, 0.16 mmol, 2.0 equiv) was added, and the reaction was stirred for 24 hours. 
It was then quenched with a combination of 0.2 M NaBF4 and 10% sat. NaHCO3 (10 mL), 
extracted with CH2Cl2 (2 x 10 mL), dried over Na2SO4 and concentrated. 
Bis(2,3-bis(diisopropylamino)cyclopropeniminyl)-N-butyl-N-methyliminium 
tetrafluoroborate (182): 1H NMR (400 MHz, CDCl3) δ 3.82 (hept, 
J = 6.8 Hz, 8H), 3.28 (app t, 2H), 2.91 (s, 3H), 1.58 (m, 2H), 1.35 – 
1.20 (overlapping signals, 50H), 0.90 (t, J = 7.4 Hz, 3H). 13C NMR 
(101 MHz, CDCl3) δ 166.20, 120.92, 120.08, 51.59, 50.25, 36.97, 28.96, 22.18, 20.21, 14.04. 


































tetrafluoroborate (181): ~3.5:1 mixture with 166•HBF4. 1H NMR 
(400 MHz, CDCl3) after subtracting contributions from 166•HBF4 δ 
3.85 (hept, J = 6.8 Hz, 8H), 2.76 (s, 3H), 1.44 (s, 9H), 1.27 (d, J = 
6.8 Hz, 48H). 13C NMR (101 MHz, CDCl3) after subtracting contributions from 166•HBF4 δ 
165.4, 120.8, 120.6, 56.8, 50.2, 35.7, 28.0, 22.1. LRMS (APCI+) for C36H68N7+ m/z calcd 
598.55, found 598.69. 
Concurrent Methylation of GC2 Superbases 
 
A solution of KOt-Bu (1 M in t-BuOH, 0.30 mL, 0.30 mmol, 2.0 equiv) was added to a solution 
of 162•HBF4 (101 mg, 0.150 mmol, 1.0 equiv) and 166•HBF4 (101 mg, 0.150 mmol, 1.0 equiv) 
in THF (1.5 mL) at 0 °C. After warming to room temperature over 10 minutes, iodomethane 
(9.25 µL, 0.149 mmol, 1.0 equiv) was added, and the reaction was stirred for 24 hours. It was 
then quenched with a combination of 0.2 M NaBF4 and 10% sat. NaHCO3 (10 mL), extracted 
with CH2Cl2 (2 x 10 mL), dried over Na2SO4 and concentrated. 1H NMR analysis showed a 
2.6:1.0 mixture of methylated compounds 182 and 181 (by integrating N-CH3 signals) and a 











































































A solution NaOCD3 (5.0M, prepared by adding freshly cut sodium to CD3OD, 0.15 mL, 0.75 
mmol, 10 equiv) was added to a solution of higher-order superbase conjugate acid salt (0.075 
mmol, 1.0 equiv) and 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (internal standard, 10 
mg, 0.046 mmol, 0.6 equiv) in CD3OD (0.30 mL) at room temperature. After stirring for 10 
minutes, D2O (0.25 mL) was added, and the solution was transferred to an NMR tube. Reactions 
were monitored by 1H NMR spectroscopy until the starting superbase contained about 50% of its 
initial concentration compared to the internal standard. Reactions at 140 °C were flame-sealed in 






integrated temp. (°C) time % intact t1/2 rel. pKBH+ 
G1 172 N(CH3)2 80 40 m 49 2.7 24.8 
P1 173 all 140 24 h 100 > 104 27.8 
C1 174 NCHMe2 80 1 h 48 4.0 27.6 
G3 163 NCH2 80 2 h 50 8.0 29.5 
GP2 164 all 140 24 h 100 > 104 34.3 
GC2 162 NCHMe2 140 2.25 h 50 81 35.6 
PG3 168 N(CH3)2 140 32 h 50 1200 37.9 
PC1 171 all 140 24 h 100 > 104 31.8 
CG2 158 N(CH3)2 80 15 m 50 1.0 29.0 
C3 157 NCH2 80 9 h 50 36 31.6 













Catalytic Activities of C1 , C3, and GC2 Bases 
 
A solution of KOt-Bu (1 M in t-BuOH of THF, 25 µL, 0.025 mmol, 0.025 equiv) was added to a 
solution of superbase HBF4 salt (0.030 mmol, 0.030 equiv) in THF (2 mL), followed by indole 
(176 mg, 1.50 mmol, 1.50 equiv) in THF (1 mL) and  crotonitrile (mixture of cis and trans, 81.5 
µL, 1.00 mmol, 1.00 equiv). After stirring for 3-24 hours, the reaction was diluted with diethyl 
ether (100 mL), washed with 50% sat. NH4Cl (2 x 50 mL) and brine (25 mL), dried over 
Na2SO4, and concentrated. The orange residue was purified by chromatography (5 % 
EtOAc/hexanes → 20%) on silica gel (40 mL) to afford the desired adduct48 as a pale yellow oil. 
1H NMR (500 MHz, CDCl3) δ 7.63 (d, J = 7.9 Hz, 1H), 7.29 (d, J = 8.2 Hz, 1H), 7.23 (m, 1H), 
7.20 (d, J = 3.3 Hz, 1H), 7.13 (m, 1H), 6.56 (d, J = 3.3 Hz, 1H), 4.80 (m, 1H), 2.71 (m, 2H), 1.72 
(d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 135.4, 128.9, 123.4, 122.1, 121.5, 120.2, 
116.9, 108.9, 103.0, 47.6, 25.4, 19.5. LRMS (APCI+) for C12H12N2 [MH]+ m/z calcd 185.11, 
found 185.18. 
C1 base 174 gave 0% conversion to the desired adduct after 24 hours. 
C3 base 157 gave 92% conversion to the desired adduct after 3 hours, and the product was 
isolated (164 mg, 89%). 
t-Bu-GC2 base 166 gave 97% conversion to the desired adduct after 3 hours, and the product was 
isolated (175 mg, 95%). 
                                                














Preparation of α-Aryl Esters 
 
Acetyl chloride (1.3 mL, 18 mmol, 1.2 equiv) was added dropwise to a solution of α-aryl acid 
(15 mmol, 1.0 equiv) in MeOH (45 mL) at 0 °C. The reaction was warmed to room temperature 
over 5 hours, then quenched with sat. NaHCO3 (50 mL), extracted with CH2Cl2 (3 x 50 mL), 
dried over Na2SO4, and concentrated. The resulting liquids were distilled at reduced pressure. 
Methyl (2-methylphenyl)acetate: Clear, colorless liquid (2.08 g, 85%). bp 56-57 °C/~ 1 
mmHg. 1H NMR (300 MHz, CDCl3) δ 7.17 (br s, 4H), 3.68 (s, 3H), 3.64 (s, 
2H), 2.31 (s, 3H). 
Methyl (4-fluorophenyl)acetate: Clear, colorless liquid (2.10 g, 83%). bp 53-55 °C/~ 1 mmHg. 
1H NMR (300 MHz, CDCl3) δ 7.24(m, 2H), 7.01 (m, 2H), 3.69 (s, 3H), 
3.60 (s, 2H). 
Methyl (3,4-dimethoxyphenyl)acetate: Clear, colorless liquid (2.69 g, 85%). bp 150-165 °C/~ 
1 mmHg. 1H NMR (300 MHz, CDCl3) δ 6.82 (s, 3H), 3.88 (s, 3H), 3.86 
(s, 3H), 3.69 (s, 3H), 3.56 (s, 2H). 
Methyl 2-pyridylacetate: Prepared from the HCl salt of 2-pyridylacetic acid. Clear, yellow-
green liquid (1.95 g, 86%). bp 62-64 °C/~ 1 mmHg. 1H NMR (300 MHz, 
CDCl3) δ 8.56 (d, J = 4.3 Hz, 1H), 7.66 (td, J = 7.7, 1.9 Hz, 1H), 7.29 (m, 























Conjugate Additions of α-Aryl Esters and Nitriles 
 
A solution of KOt-Bu (1 M in t-BuOH of THF, 25 µL, 0.025 mmol, 0.025 equiv) was added to a 
solution of 166•HBF4 (20.3 mg, 0.0302 mmol, 0.030 equiv) in THF (3 mL), followed by the α-
aryl ester or nitrile and Michael acceptor (1 mmol scale, see below for details, ratios were 
typically selected to simplify purification). After stirring for 8-12 hours, acetic acid was added (2 
drops), and the reaction was concentrated. The residue was purified by chromatography 
(EtOAc/hexanes) on silica gel (40 mL) to afford the desired adducts. 
Dimethyl 2,3-diphenylglutarate (Table 10, Entry 1):49 White solid (296 mg, 95%). Crude dr 
53:47 syn/anti. 1H NMR (500 MHz, CDCl3) ~5:4 mixture is 
diastereomers, δ 7.47 (app d, J = 6.9 Hz, 1H), 7.37 – 7.17 (m, 4H), 7.14 
– 6.96 (m, 5H), 3.87 (m, 2H), 3.66 (s, 1.65H, 3Hsyn), 3.49 (s, 1.65H, 3Hsyn), 3.37 (s, 1.35H, 
3Hanti), 3.34 (s, 1.35H, 3Hanti), 2.81 (m, 1H), 2.41 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 
173.40, 172.7, 172.00, 171.9, 141.3, 140.3, 136.7, 136.6, 129.0, 128.8, 128.7, 128.5, 128.3, 
128.2, 128.1, 128.00, 127.30, 127.2, 126.7, 57.8, 57.2, 52.2, 51.8, 51.6, 51.4, 45.6, 45.3, 39.3, 
38.7. LRMS (APCI+) for C19H20O4 [MH]+ m/z calcd 313.14, found 313.12. 
 
 
                                                
(49) Smith, S. R.; Leckie, S. M.; Holmes, R.; Douglas, J.; Fallan, C.; Shapland, P.; Pryde, D.; 






























Methyl 4-cyano-2,3-diphenylbutyrate (Table 10, Entry 2): White solid (278 mg, 100%). 
Crude dr 64:36 anti/syn.50 1H NMR (500 MHz, CDCl3) ~2:1 mixture is 
diastereomers, δ 7.52 – 7.06 (m, 10H), 4.07 (d, J = 11.7 Hz, 0.66H, 1Hanti), 
3.95 (s, 0.33H, 1Hsyn), 3.73 – 3.64 (overlapping signals, 2H), 3.42 (s, 2H, 3Hanti), 2.91 (dd, J = 
16.8, 8.5 Hz, 0.33 H, 1Hsyn), 2.80 (dd, J = 16.8, 4.2 Hz, 0.33H, 1Hsyn), 2.40 (dd, J = 16.8, 3.8 Hz, 
0.66H, 1Hanti), 2.30 (dd, J = 16.8, 8.1 Hz, 0.66H, 1Hanti). 13C NMR (126 MHz, CDCl3) δ 173.0, 
172.1, 139.5, 138.4, 136.0, 135.8, 129.4, 129.0, 128.7, 128.61, 128.58, 128.5, 128.4, 128.1, 
128.0, 127.69, 127.65, 118.0, 117.8, 55.9, 55.7, 52.6, 52.1, 45.02, 44.99, 23.3, 23.0. LRMS 
(APCI+) for C18H17NO2 [MH]+ m/z calcd 280.13, found 280.12. 
Using the isolated free base 166 (2.5 mol%) as the catalyst under aprotic conditions, the product 
was obtained in 99% yield and 66:34 anti/syn crude dr. 
Using P4-tBu phosphazene 175 (2.5 mol%) as a catalyst under aprotic conditions, the product 
was obtained in 59% yield and 54:46 anti/syn crude dr. 
Methyl 4-(N,N-dimethylcarbamoyl)-2-phenylbutyrate (Table 10, Entry 3): Pale yellow oil 
(207 mg, 84%). 1H NMR (500 MHz, CDCl3) δ 7.34 – 7.23 (m, 5H), 
3.71 (t, J = 7.7 Hz, 1H), 3.65 (s, 3H), 2.92 (s, 3H), 2.89 (s, 3H), 2.39 
(m, 1H), 2.26 (m, 2H), 2.12 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 174.3, 172.0, 138.8, 128.7, 
128.0, 127.4, 52.0, 50.6, 37.1, 35.4, 30.8, 28.7. LRMS (APCI+) for C14H19NO3 [MH]+ m/z calcd 
250.14, found 250.14. 
 
                                                















Dimethyl 3-methyl-2-phenylglutarate (Table 10, Entry 4):51 Pale yellow oil (248 mg, 100%). 
Crude dr 61:39 syn/anti. 1H NMR (500 MHz, CDCl3) ~3:2 mixture is 
diastereomers, δ 7.43 – 7.15 (m, 5H), 3.68 (s, 1.8H, 3Hsyn), 3.65 (s, 
1.2H, 3Hanti), 3.64 (s, 1.8H, 3Hsyn), 3.57 (s, 1.2H, 3Hanti), 3.43 (d, J = 10.0 Hz, 0.6H, 1Hsyn), 3.40 
(d, J = 10.6 Hz, 0.4H, 1Hanti), 2.72 (m, 1H), 2.49 (dd, J = 15.2, 4.2 Hz, 0.6H, 1Hsyn), 2.26 (dd, J 
= 15.2, 9.0 Hz, 0.6H, 1Hsyn), 2.17 (dd, J = 15.5, 4.0 Hz, 0.4H, 1Hanti), 1.92 (dd, J = 15.5, 9.3 Hz, 
0.4H, 1Hanti), 1.08 (d, J = 6.5 Hz, 1.2H, 3Hanti), 0.79 (d, J = 6.8 Hz, 1.8H, 3Hsyn). 13C NMR (126 
MHz, CDCl3) δ 173.7, 172.9, 172.8, 137.31, 137.25, 128.8, 128.7, 128.6, 127.7, 127.6, 57.7, 
57.2, 51.97, 51.95, 51.6, 51.4, 39.5, 38.5, 33.8, 33.5, 18.6, 17.4. LRMS (APCI+) for C14H18O4 
[MH]+ m/z calcd 251.13, found 251.12.  
Methyl 4-cyano-2-(2-methylphenyl)-3-phenylbutyrate (Table 10, Entry 5): White solid (240 
mg, 82%). Crude dr 63:37 anti/syn.52 1H NMR (500 MHz, CDCl3) ~7:3 
mixture is diastereomers, δ 7.53 (d, J = 7.5 Hz, 0.64H, 1Hanti), 7.45 – 7.05 
(m, 7.64H), 7.02 (t, J = 7.4 Hz, 0.36H, 1Hsyn), 6.96 (d, J = 7.6 Hz, 0.36H, 
1Hsyn), 4.42 (d, J = 11.7 Hz, 0.64H, 1Hanti), 4.29 (d, J = 10.9 Hz, 0.36H, 1Hsyn), 3.84 – 3.71 
(overlapping signals, 1H), 3.68 (s, 1.08H, 3Hsyn), 3.40 (s, 1.92H, 3Hanti), 2.98 (dd, J = 16.8, 8.8 
Hz, 0.36H, 1Hsyn), 2.87 (m, 0.36H, 1Hsyn), 2.55 (s, s, 1.92H, 3Hanti), 2.39 (m, 1.28H, 2Hanti), 2.20 
(s, 1.08H, 3Hsyn). 13C NMR (126 MHz, CDCl3) δ 173.3, 172.4, 139.6, 138.6, 137.5, 136.5, 134.6, 
134.1, 131.3, 130.7, 129.1, 128.6, 128.2, 128.1, 127.8, 127.74, 127.72, 127.6, 127.18, 127.15, 
126.7, 126.4, 118.2, 52.6, 52.2, 50.6, 50.4, 44.9, 44.6, 23.1, 22.5, 20.2, 19.9. LRMS (APCI+) for 
C19H19NO2 [MH]+ m/z calcd 294.15, found 293.61. 
                                                
(51) Gospodova, T. S.; Stefanovsky, Y. N. Monatshefte für Chemie 1989, 125, 217. 















Methyl 4-cyano-2-(4-fluorophenyl)-3-phenylbutyrate (Table 10, Entry 6): White solid (296 
mg, 100%). Crude dr 64:36 anti/syn.52 1H NMR (500 MHz, CDCl3) ~8:5 
mixture is diastereomers, δ 7.48 (dd, J = 8.2, 5.3 Hz, 1.24H, 2Hanti), 7.43 – 
7.02 (m, 18H), 6.83 (t, J = 8.4 Hz, 0.76H, 2Hsyn), 4.08 (d, J = 11.8 Hz, 
0.62H, 1Hanti), 3.99 (d, J = 11.1 Hz, 0.38H, 1Hsyn), 3.71 (s, 1.14H, 3Hsyn), 
3.65 (m, 1H), 3.40 (s, 1.86H, 3Hanti), 2.87 (dd, J = 16.8, 8.3 Hz, 0.38H, 1Hsyn), 2.78 (dd, J = 16.9, 
4.3 Hz, 0.38H, 1Hsyn), 2.40 (dd, J = 16.9, 3.8 Hz, 0.62H, 1Hanti), 2.31 (dd, J = 16.8, 7.9 Hz, 
0.62H, 1Hanti). 13C NMR (126 MHz, CDCl3) δ 172.9, 172.0, 163.8, 163.1, 161.8, 161.1, 139.2, 
138.2, 131.74, 131.71, 131.52, 131.49, 130.14, 130.07, 130.0, 129.1, 128.8, 128.2, 127.9, 127.8, 
127.6, 117.9, 117.7, 116.4, 116.3, 115.6, 115.4, 54.94, 54.87, 52.7, 52.2, 45.03, 44.99, 23.40, 
22.9. LRMS (APCI+) for C18H16FNO2 [MH]+ m/z calcd 298.12, found 297.58. 
Methyl 4-cyano-2-(3,4-dimethoxyphenyl)-3-phenylbutyrate (Table 10, Entry 7): White solid 
(335 mg, 99%). Crude dr 64:36 anti/syn.52 1H NMR (500 MHz, CDCl3) 
~7:3 mixture is diastereomers, δ 7.38 (m, 2.7H, 3Hanti and 2Hsyn), 7.29 (t, J 
= 7.3 Hz, 0.7H, 1Hanti), 7.15 (m, 1H), 7.07 (d, J = 7.5 Hz, 0.6H, 2Hsyn), 7.02 
(m, 1.4H, 2Hanti), 6.88 (d, J = 8.1 Hz, 0.7H, 1Hanti), 6.65 (m, 0.6, 2Hsyn), 
6.55 (s, 0.3, 1Hsyn), 4.02 (d, J = 11.7 Hz, 0.7H, 1Hanti), 3.92 (overlapping signals, 2.4H, 3Hanti 
and 1Hsyn), 3.88 (s, 2.1H, 3Hanti), 3.75 (s, 0.9H, 3Hsyn), 3.71 (2 x overlapping s, 1.8H, 6Hsyn), 3.63 
(m, 1H), 3.41 (s, 2.1H, 3Hanti), 2.86 (dd, J = 16.8, 8.4 Hz, 0.3, 1Hsyn), 2.78 (dd, J = 16.8, 4.4 Hz, 
0.3, 1Hsyn), 2.42 (dd, J = 16.8, 3.7 Hz, 0.7H, 1Hanti), 2.32 (dd, J = 16.8, 7.9 Hz, 0.7H, 1Hanti). 13C 
NMR (126 MHz, CDCl3) δ 173.1, 172.2, 149.4, 149.1, 148.6, 148.2, 139.4, 138.4, 128.9, 128.6, 
128.1, 128.0, 127.93, 127.86, 127.54, 127.50, 120.7, 120.6, 118.0, 117.9, 111.5, 111.4, 110.78, 















C20H21NO2 [MH]+ m/z calcd 340.15, found 339.55. 
Methyl 4-cyano-2-(2-pyridyl)-3-phenylbutyrate (Table 10, Entry 8): Tan solid (276 mg, 
99%). Crude dr 64:36 anti/syn.52 1H NMR (500 MHz, CDCl3) ~2:1 mixture 
is diastereomers, δ 8.67 (d, J = 4.8 Hz, 0.66H, 1Hanti), 8.46 (d, J = 4.8 Hz, 
0.34H, 1Hsyn), 7.74 (t, J = 7.5 Hz, 0.66H, 1Hanti), 7.49 (d, J = 7.8 Hz, 0.66H, 
1Hanti), 7.39 (m, 3H), 7.30 (m, 1.34H), 7.17 (m, 1.66H), 7.03 (m, 0.34H, 1Hsyn), 6.99 (d, J = 7.9 
Hz, 0.34H, 1Hsyn), 4.33 (d, J = 11.4 Hz, 0.66H, 1Hanti), 4.25 (d, J = 10.7 Hz, 0.34H, 1Hsyn), 4.03 
(m, 0.66H, 1Hanti), 3.97 (m, 0.34H, 1Hsyn), 3.72 (s, 1H, 3Hsyn), 3.44 (s, 2H, 3Hanti), 3.02 (dd, J = 
16.8, 8.6 Hz, 0.34H, 1Hsyn), 2.90 (dd, J = 16.9, 3.9 Hz, 0.34H, 1Hsyn), 2.47 (m, 1.32H, 2Hanti). 
13C NMR (126 MHz, CDCl3) δ 171.75, 170.84, 155.85, 155.23, 150.26, 149.61, 139.49, 138.67, 
137.4, 136.6, 129.0, 128.7, 128.0, 127.9, 127.7, 127.6, 124.3, 124.0, 123.3, 122.5, 118.2, 117.9, 
57.8, 57.5, 52.7, 52.3, 43.6, 43.2, 23.1, 22.7. LRMS (APCI+) for C17H16N2O2 [MH]+ m/z calcd 
281.13, found 280.62. 
2-Methyl-2,3-diphenylglutaronitrile (Table 10, Entry 9): Tan solid (250 mg, 96%). Crude dr 
71:29. 1H NMR (500 MHz, CDCl3) ~7:3 mixture is diastereomers, δ 7.55 (d, J 
= 7.8 Hz, 1.4H, 2Hmajor), 7.50 – 7.37 (m, 6H), 7.27 – 7.16 (m, 1.4H, 2Hmajor), 
7.14 (m, 0.6H, 2Hminor), 6.92 (d, J = 7.5 Hz, 0.6H, 2Hminor), 3.41 (dd, J = 11.3, 4.7 Hz, 0.3H, 
1Hminor), 3.32 (dd, J = 12.1, 3.9 Hz, 0.7H, 1Hmajor), 3.06 (dd, J = 16.8, 4.7 Hz, 0.3H, 1Hminor), 
2.90 (overlapping signals, 1H), 2.45 (dd, J = 16.8, 3.9 Hz, 0.7H, 1Hmajor), 1.84 (s, 0.9H, 3Hminor), 
1.48 (s, 2.1H, 3Hmajor). 13C NMR (126 MHz, CDCl3) δ 138.5, 136.7, 135.7, 135.3, 129.6, 129.2, 
129.1, 128.91, 128.85, 128.73, 128.71, 128.6, 128.5, 128.4, 126.5, 125.6, 121.8, 120.8, 117.7, 
117.5, 52.2, 51.9, 47.3, 46.7, 26.8, 24.9, 20.8, 20.5. LRMS (ESI+) for C18H16N2 [MNa]+ m/z 













X-Ray Crystallographic Studies 
C3 salt 157HBF4 
 
Both cyclopropenimine substituents are tilted from the plane of the central ring: 
left substituent: 2.7° below (N3-C2-C1-C3 dihedral angle), 7.8° below (C3-C2-N3-C20) 
right substituent: 9.2° above (N2-C3-C1-C2 dihedral angle), 17.9° below (C1-C3-N2-C4) 
These substituents are also twisted to various degrees from this plane: 
left substituent: 2.1° (C2-N3-C20-C22 dihedral angle) 
right substituent: 65.6° (C3-N2-C4-C5 dihedral angle) 
The substituents connect at nearly ideal 120° angles to the core: 
left substituent: 119.4° (C2-N3-C20 angle) 
right substituent: 117.6° (C3-N2-C4 angle) 




























room temperature over 1 hour. Hexanes was diffused into this loose-capped vial by standing in 
sealed jar containing a layer of hexanes. After 3 days, large colorless crystals had formed and 
were submitted for analysis. 
GC2 salt 162HBF4 
  
Both cyclopropenimine substituents are tilted above the plane of the central guanidinium system: 
left substituent: 22.9° (N2-C-N1-C1 dihedral angle) 
right substituent: 32.9° (N3-C-N2-C16 dihedral angle) 
These substituents are also twisted somewhat from this plane: 
left substituent: 35.1° (C-N1-C1-C3 dihedral angle) 





























The substituents connect at nearly ideal 120° angles to the core: 
left substituent: 119.0° (C-N1-C1 angle) 
right substituent: 121.7° (C-N2-C16 angle) 
Crystal growth method. The salt (150 mg) was dissolved in hot EtOAc (3 mL) and cooled to 
room temperature over 1 hour. Hexanes was diffused into this loose-capped vial by standing in 
sealed jar containing a layer of hexanes. After 2 days, small colorless crystals had formed and 
were submitted for analysis. 
CG2 salt 158HBF4 











This structure contains two distinct ion pairs, pictured below. The image above, also shown in 
the Results and Discussion, is from viewing the structure on the left from the perspective 
indicated. There is also significant disorder in the structure. The left cation’s n-butyl group is 
disordered, as are the front BF4 anion, and the n-butyl and imino groups of the right cation. 
 
Crystal growth method. The salt (100 mg) was dissolved in hot EtOAc (3 mL) and cooled to 
room temperature overnight. A few small grains (3-5) were added for seeding. After standing in 
the sealed vial for 1 day, hexanes was diffused into this vial by slightly loosening the cap and by 
standing in sealed jar containing a layer of hexanes. After 5 days, small pale yellow crystals had 
formed and were submitted for analysis. Note: this material oiled out easily; the seeding, the 
standing period before diffusing in hexanes, and the slower diffusion enforced by the relatively 
tight cap were all essential in forming crystals instead of an oil. Furthermore, the solid material 




PC1 salt 171HBF4 
 
Crystal growth method. The salt (150 mg) was dissolved in hot EtOAc (5 mL) and cooled to 
room temperature. After standing for 3 days, the vial cap was loosened to allow hexanes to 



















PC1 salt 164HBF4 
  
This structure contains two distinct ion pairs, pictured below. The image above, also shown in 
the Results and Discussion, is from viewing the structure on the right head on and rotating 120° 
clockwise. The second structure has a distance of 2.48 Å for the H-bond highlighted above. 
Both phosphazene substituents are tilted from the plane of the central guanidinium system: 
left substituent: 5.6° below (N16-C20-N17-P3 dihedral angle), 4.1° (other structure) 
right substituent: 11.4° above (N15-C20-N16-P4 dihedral angle), 13.1° (other structure) 
These substituents deviate somewhat from ideal 120° bond angles to the guanidinium system: 
left substituent: 131.6° (C20-N17-P3 angle),   127.7° (other structure) 
























Crystal growth method. The salt (100 mg) was dissolved in hot EtOAc (5 mL) and cooled to 
room temperature. After 4 hours, 2 small colorless crystals had already formed so further EtOAc 
(2 mL) was added to slow their growth. After 2 days, the crystals had each grown to at least 5 





Data for Figure 46 and Figure 47 
The following tables list the compounds that represent data points in these figures, their 
basicities, and the basicities of their substituents, including an explanation of how the substituent 
basicities were estimated. 
Table 11. Basicities of peralkylated higher-order superbases in Figure 46. 
class head sub. 1 sub. 1 pKBH+ 
sub. 2 sub. 2 pKBH+ 






G1 t-Bu NMe2 18.33 NMe2 18.33 n/a n/a 18.33 23.56 53 
G1 n-Bu NMe2 18.33 NMe2 18.33 n/a n/a 18.33 24.8 new 
G1 Me NMe2 18.33 NMe2 18.33 n/a n/a 18.33 25.0 54 
G1 R NMe2 18.33 NMe2 18.33 n/a n/a 18.33 24.28 - 
C1 n-Bu Ni-Pr2 18.22 Ni-Pr2 18.22 n/a n/a 18.22 27.56 new 
C1 R Ni-Pr2 18.22 Ni-Pr2 18.22 n/a n/a 18.22 27.56 - 
P1 n-Bu pip 18.25 pip 18.25 pip 18.25 18.25 27.82 new 
P1 Me NMe2 18.33 NMe2 18.33 NMe2 18.33 18.33 27.55 42 
P1 t-Bu NMe2 18.33 NMe2 18.33 NMe2 18.33 18.33 26.88 42 
P1 t-oct NMe2 18.33 NMe2 18.33 NMe2 18.33 18.33 26.49 42 
P1 t-hept NMe2 18.33 NMe2 18.33 NMe2 18.33 18.33 25.96 42 
P1 R NMe2 18.33 NMe2 18.33 NMe2 18.33 18.33 26.76 - 
P1 Et pyrr 18.97 pyrr 18.97 pyrr 18.97 18.97 28.89 3042 
P1 t-Bu pyrr 18.97 pyrr 18.97 pyrr 18.97 18.97 28.35 42 
P1 t-hept pyrr 18.97 pyrr 18.97 pyrr 18.97 18.97 27.28 42 
P1 R pyrr 18.97 pyrr 18.97 pyrr 18.97 18.97 28.09 - 
I1 t-Bu i-Pr n/a i-Pr n/a n/a n/a n/a 30.21 55 
I1 i-Pr i-Pr n/a i-Pr n/a n/a n/a n/a 27.98 55 
I1 CH2t-Bu i-Pr n/a i-Pr n/a n/a n/a n/a 26.29 55 
I1 Me i-Pr n/a i-Pr n/a n/a n/a n/a 27.2 55 
I1 t-oct i-Pr n/a i-Pr n/a n/a n/a n/a 29.97 55 
I1 t-hept i-Pr n/a i-Pr n/a n/a n/a n/a 29.47 55 
I1 R i-Pr n/a i-Pr n/a n/a n/a n/a 28.25 - 
P2 Me P1-NMe2 26.76 NMe2 18.33 NMe2 18.33 21.14 32.72 45 
P2 Et P1-NMe2 26.76 NMe2 18.33 NMe2 18.33 21.14 32.94 45 
P2 t-Bu P1-NMe2 26.76 NMe2 18.33 NMe2 18.33 21.14 33.49 45 
P2 t-oct P1-NMe2 26.76 NMe2 18.33 NMe2 18.33 21.14 33.27 45 
P2 R P1-NMe2 26.76 NMe2 18.33 NMe2 18.33 21.14 33.11 - 
P2 Et P1-pyrr 28.09 pyrr 18.97 pyrr 18.97 22.01 a34.44a 47 
P2 R P1-pyrr 28.09 pyrr 18.97 pyrr 18.97 22.01 34.44 - 
n-P3 t-Bu P2-NMe2 33.11 NMe2 18.33 NMe2 18.33 23.26 36.6 45 
                                                
(53) M. Staiiczyk-Dunaj, A.; Jarczewski, Pol. J. Chem. 2005, 79, 1025. 
(54) Schwesinger, R. Nachr. Chem. Tech. Lab. 1990, 38, 121. 
(55) Kunetskiy, R. A.; Polyakova, S. M.; Vavřík, J.; Císařová, I.; Saame, J.; Nerut, E. R.; 





i-P3 t-Bu P1-NMe2 26.76 P1-NMe2 26.76 NMe2 18.33 23.95 38.6 45 
i-P3 t-Bu P1-NMe2 26.76 P1-NMe2 26.76 Ni-Pr2 18.22 23.91 38.6 45 
P4 t-Bu P1-NMe2 26.76 P1-NMe2 26.76 P1-NMe2 26.76 26.76 42.7 45 
P4 t-Bu P1-pyrr 28.09 P1-pyrr 28.09 P1-pyrr 28.09 28.09 44.0 45 
i-P5 t-Bu P2-NMe2 33.11 P2-NMe2 33.11 Ni-Pr2 18.22 28.15 44.0 45 
t-P5 t-Bu P2-NMe2 33.11 P1-NMe2 26.76 P1-NMe2 26.76 28.87 45.3 45 
t-P5 t-Bu P2-pyrr 34.44 P1-pyrr 28.09 P1-pyrr 28.09 30.21 46.9 45 
P7 t-Bu P2-NMe2 33.11 P2-NMe2 33.11 P2-NMe2 33.11 33.11 45.3 45 
PG2 t-Bu G1-NMe2 24.28 G1-NMe2 24.28 NEt2 18.33 22.30 a34.67a 47 
PG3 Et G1-NMe2 24.28 G1-NMe2 24.28 G1-NMe2 24.28 24.28 a37.89a 47 
PG3 t-Bu G1-NMe2 24.28 G1-NMe2 24.28 G1-NMe2 24.28 24.28 a37.22a 47 
PC1 t-Bu C1-Ni-Pr2 27.56 pip 18.25 pip 18.25 21.35 31.8 new 
G2 Me G1-NMe2 24.28 NMe2 18.33 n/a n/a 21.31 26.5 56 
G3 n-Bu G1-NMe2 24.28 G1-NMe2 24.28 n/a n/a 24.28 29.48 new 
GP2 n-Bu P1-pip 26.76 P1-pip 26.76 n/a n/a 26.76 34.34 new 
GC2 n-Bu C1-Ni-Pr2 27.56 C1-Ni-Pr2 27.56 n/a n/a 27.56 35.6 new 
GI2 i-Pr I1-i-Pr 28.25 I1-i-Pr 28.25 n/a n/a 28.25 a29.2a 57 
GI2 CH2t-Bu I1-i-Pr 28.25 I1-i-Pr 28.25 n/a n/a 28.25 a29.0a 57 
GI2 Me I1-i-Pr 28.25 I1-i-Pr 28.25 n/a n/a 28.25 a29.3a 57 
CG2 n-Bu G1-NMe2 24.28 G1-NMe2 24.28 n/a n/a 24.28 28.95 new 
C3 n-Bu C1-Ni-Pr2 27.56 C1-Ni-Pr2 27.56 n/a n/a 27.56 31.57 new 
pKBH+ values in acetonitrile. Bold rows represent basicities for the general class of bases listed in 
the rows above these, were obtained by calculating the average pKBH+ value of the strongest and 
weakest bases in each class, and are used as substituent basicity estimates when this superbase 
class is a substituent in a higher-order superbase. Trialkylamine basicities were used to estimate 
the pKBH+ values of amino substituents. The NMe2 group’s value was assigned as 18.33 (the 
value for Me2NEt58) and pip was assigned as 18.25 (the value for Mepip58), while pyrr (18.97) 
and Ni-Pr2 (18.22) were estimated by subtracting 0.59 (the pKBH+ difference between a typical 
secondary amine –18.92,58 n-PrMeNH – and a typical tertiary amine – 18.33, Me2NEt58) from 
the basicities of the corresponding secondary amines (Hpyrr, 19.5659 and i-Pr2NH, 18.8158). pip 
= piperidinyl, pyrr = pyrrolidinyl, t-hept = CMe2t-Bu, t-oct = CMe2CH2t-Bu. (a) Extrapolated 
from measurements in THF. 
                                                
(56) Flynn, K. G.; Nenortas, D. R. J. Org. Chem. 1963, 28, 3527. See reference 118 of the 
preceeding chapter. 
(57) Vazdar, K.; Kunetskiy, R.; Saame, J.; Kaupmees, K.; Leito, I.; Jahn, U. Angew. Chem. 
Int. Ed. 2014, 53, 1435. 
(58) Rõõm, E. I.; Kütt, A.; Kaljurand, I.; Koppel, I.; Leito, I.; Koppel, I. a.; Mishima, M.; 
Goto, K.; Miyahara, Y. Chem. - Eur. J. 2007, 13, 7631. 
(59) Kaljurand, I.; Kütt, A.; Sooväli, L.; Rodima, T.; Mäemets, V.; Leito, I.; Koppel, I. A. J. 




Table 12. Basicities of N-aryl higher-order phosphazenes in Figure 47 
class head sub. 1 sub. 1 pKBH+ 
sub. 2 sub. 2 pKBH+ 






P1 Ph NMe2 18.33 NMe2 18.33 NMe2 18.33 18.33 21.89 60 
P1 Ph pyrr 18.97 pyrr 18.97 pyrr 18.97 18.97 22.67 47 
P2 Ph P1-NMe2 26.76 NMe2 18.33 NMe2 18.33 21.14 27.00 47 
P2 Ph P1-pyrr 28.09 pyrr 18.97 pyrr 18.97 22.01 27.67 60 
P3 Ph P1-NMe2 26.76 P1-NMe2 26.76 NMe2 18.33 23.95 31.00 61 
P3 Ph P1-pyrr 28.09 P1-pyrr 28.09 pyrr 18.97 25.05 32.67 61 
P4 Ph P1-NMe2 26.76 P1-NMe2 26.76 P1-NMe2 26.76 26.76 34.89 47 
P4 Ph P1-pyrr 28.09 P1-pyrr 28.09 P1-pyrr 28.09 28.09 36.11 47 
PG1 Ph G1-NMe2 24.28 NMe2 18.33 NMe2 18.33 20.31 25.33 47 
PG2 Ph G1-NMe2 24.28 G1-NMe2 24.28 NMe2 18.33 22.30 28.78 47 
PG3 Ph G1-NMe2 24.28 G1-NMe2 24.28 G1-NMe2 24.28 24.28 31.89 47 
P1 2-ClC6H4 NMe2 18.33 NMe2 18.33 NMe2 18.33 18.33 18.78 47 
P1 2-ClC6H4 pyrr 18.97 pyrr 18.97 pyrr 18.97 18.97 19.56 47 
P2 2-ClC6H4 P1-NMe2 26.76 NMe2 18.33 NMe2 18.33 21.14 23.00 47 
P2 2-ClC6H4 P1-pyrr 28.09 pyrr 18.97 pyrr 18.97 22.01 24.33 61 
P3 2-ClC6H4 P1-NMe2 26.76 P1-NMe2 26.76 NEt2 18.33 23.95 28.00 61 
P3 2-ClC6H4 P1-pyrr 28.09 P1-pyrr 28.09 NEt2 18.33 24.83 29.33 61 
P4 2-ClC6H4 P1-pyrr 28.09 P1-pyrr 28.09 P1-pyrr 28.09 28.09 34.44 61 
pKBH+ values in acetonitrile, though all data in this table was measured in THF. See Table 11 and 
its caption for the source of the substituent basicities. 
 
Basicity Measurements 
Notes on PG3 base 168, P4 base 169, and PC3 base 167 




                                                
(60) Garrido, G.; Koort, E.; Ràfols, C.; Bosch, E.; Rodima, T.; Leito, I.; Rosés, M. J. Org. 
Chem. 2006, 71, 9062. 
(61) Kaljurand, I.; Rodima, T.; Pihl, A.; Mäemets, V.; Leito, I.; Koppel, I. A.; Mishima, M. J. 



















pKBH+ not measured 
known (ref. 47) 




We successfully synthesized the n-Bu-PG3 base 168, but failed to measure its pKBH+ 
reliably due to the large differences in its value from those of all commercially available 
standards. Therefore, we extrapolated the reported pKα value of 29.7 in THF for the N-ethyl 
analogue47 to a pKBH+ value of 37.9 in MeCN as explained at the end of the “Correction for 
measurements in d8-THF and extrapolation to MeCN” part of this section, and used this result 
for the PG3 class. 
 
 
We also experienced difficulties preparing the P4 base 169 that would contain the n-butyl 
head groups and tris(piperidinyl)phosphazene tail groups we aimed to use in this study, so we 
instead used 175 as the P4 base in Table 7 (pKBH+ of 42.7 in MeCN).45 The analogous 
phosphazene from this reference containing pyrrolidinyl tail groups instead of dimethylamino 
groups had a pKBH+ value of 44.0, but as the piperidinyl group is less basic than the pyrrolidinyl 
group, the dimethylamino version was chosen as the best analogy. 
Since we were confident in the structural similarities of the compounds targeted in this 
study to these precedents, we used these results in our data set to help generate the linear 

































Finally, we were unable fully to purify the PC3 base 167, and thus could not measure its 
pKBH+ either. However, since the other 3 members of the phosphazene group in our data set 
produced an extremely precise linear fit (R2 > 0.999) as shown in Figure 45, we estimated the 
pKBH+ of 167 as 42.1 from this equation and the pKBH+ of the substituent (27.6, as determined 
using C1 base 173). We displayed this estimate in Table 7, but it was not used as a data point in 
Figure 45. 
General methodology 
Most measurements were conducted in CD3CN. Solutions were prepared under an argon 
atmosphere to the extent allowed by a standard dual manifold. The exceptions were the GP2 and 
GC2 bases (164 and 162), which were studied in d8-THF, and for which all solutions were 
prepared in a glove box. 
pKBH+ values were measured by mixing stock solutions of the conjugate acid salts of all 
superbases synthesized herein (0.0667 M, 0.60 mL, 0.040 mmol) and the indicated standard as 
the free base (0.200 M, 0.20 mL, 0.040 mmol) in sealed NMR tubes. 3 such mixtures were 
prepared for each compound studied. The resulting solutions were then analyzed by 1H NMR 
spectroscopy, as well as 13C NMR for the GP2 and GC2 compounds. Spectra were acquired 
between 30 minutes and 2 hours after preparing the solutions. Equilibrium was invariably 
reached during this interval, and the results were stable after another 12-24 hours. 
















standard were then compared to their positions in the spectra of the respective free bases and 
conjugate acids. Only signals that were sufficiently resolved and that could reliably be assigned a 
chemical shift (i.e., had symmetric lineshapes) were used. Each such signal then gives an 
estimate of the ratio of the extent of protonation (or deprotonation) of its corresponding 
compound, given by 
 B








 B ∙ HA




𝛿!"# − 𝛿!  
𝛿!∙!" − 𝛿!
  , (2) 
where B denotes either free base and B•HA is its conjugate acid. The ratio of these expressions 
also gives the ratio of deprotonated to protonated forms of the molecule: 
 B
B ∙ HA =
𝛿!∙!" − 𝛿!"#  
𝛿!"# − 𝛿!
   . 62 (3) 
The desired quantity to evaluate is the equilibrium constant for the acid-base reaction 
          substrate • HA   +   standard                      substrate   +   standard • HA , (4) 
which is described by the expression 
 
𝐾!" =
sub std ∙ HA
sub ∙ HA std    .
63 (5) 
Clearly, the Keq could now be evaluated from using equation (3) for both the substrate 
and the standard. However, we preferred to generate an estimate of Keq from each individual 
                                                
(62) Rodima, T.; Kaljurand, I.; Pihl, A.; Mäemets, V.; Leito, I.; Koppel, I. A. J. Org. Chem. 
2002, 67, 1873. 
(63) Similarly to the convention for a generic base B, “sub” and “std” are free bases of the 





chemical shift of each component. This procedure allowed us to check the internal consistency of 
the data – whether the Keq estimates from the chemical shifts of the substrate matched those from 
the standard – and to estimate uncertainty more easily. As shown below, the estimate of Keq from 
a single chemical shift value also depends on the ratio of the substrate to the standard, which is 
most accurately measured by integration of the 1H NMR spectrum (since some stock solutions 
were prepared volumetrically, there was a modest deviation from 1 to 1 stoichiometry, often 5-
10%). 
With respect to the substrate, we know from equation (3) that 
 sub
sub ∙ HA =
𝛿!"#∙!" − 𝛿!"#  
𝛿!"# − 𝛿!"#
  , (6) 
but we also need an estimate for 
 std ∙ HA
std  
(7) 
based on the chemical shifts of the substrate. Assuming the only species in solution are the 
protonated and deprotonated forms of the two components, we know from the stoichiometry that 
 std ∙ HA = sub  (8) 
since both concentrations are initially zero and these species are produced in a 1 to 1 ratio, and 
then that 
 std = std + std ∙ HA − std ∙ HA = std !"! − sub  (9) 
from the definition of [std]TOT and from equation (8). If we next introduce the ratio of total 














𝑟 − sub   . 
(11) 
Substituting equations (8) and (11) into expression (7) gives  















  , (12) 









  . (13) 








𝛿!"#∙!" − 𝛿!"#  
𝛿!"#∙!" − 𝛿!"#
− 1
  . (14) 
This expression is an estimate of Keq in terms of each chemical shift value of the substrate 
in the mixture (compared with data from its free base and the conjugate acid) and the ratio of 




𝛿!"# − 𝛿!"#  
𝛿!"#∙!" − 𝛿!"#
𝑟 𝛿!"#∙!" − 𝛿!"#  𝛿!"# − 𝛿!"#
− 1
  . (15) 
Finally, as the basicity of the substrate is described by a reaction of the type 
                                substrate • HA                        substrate   +   HA , (16) 
which is the sum of equation (4) and  




it follows that each estimate of Keq gives an estimate for the pKBH+ of the substrate described by 
 pK!"!,!"# = pK!"!,!"# + pK!" = pK!"!,!"# − log 𝐾!"   . (18) 
Obtaining conjugate acids of standards 
From the preceding discussion, it is clearly necessary to have reference spectra of both 
the conjugate acids and free bases of both substrates and standards to reliably estimate the 
substrate’s pKBH+. 
Standards employed for this analysis (DBU, P1-tBu(pyrr), and P2-Et) were obtained 
commercially as the free bases, so this half of the data was trivial to obtain. 
To prepare their conjugate acid salts, the following general procedure was used: An 
aqueous solution of HCl (1 M, 1.4 equiv) was added to a solution of the free base (1.0 equiv) in 
methanol (3 M) at 0 °C. After stirring for 10 minutes, an aqueous solution of NaBF4 (2 M, 1.2 
equiv) was added. This solution was then extracted with CH2Cl2 (1 volume per volume of water, 
2x) and the combined extracts were washed with sat. NaHCO3 (0.5 volumes per volume of 
CH2Cl2) and 2 M NaBF4 (1.0 equiv), dried over Na2SO4, and concentrated. 
NMR data for free bases and conjugate acids of standards in CD3CN or d8-THF 
DBU: Low yield of the HBF4 salt (not determined) due to poor partitioning between water and 
CH2Cl2. HBF4 salt:64 1H NMR (500 MHz, CD3CN) δ 7.54 (s, 1H), 3.52 (m, 2H), 
3.46 (t, J = 6.0 Hz, 2H), 3.28 (t, J = 5.7 Hz, 2H), 2.58 (m, 2H), 1.97 (quint, J = 5.9 
Hz, 2H), 1.70 (m, 6H). Free base: 1H NMR (500 MHz, CD3CN) δ 3.17 (m, 4H), 3.12 (m, 2H), 
2.28 (m, 2H), 1.70 (m, 2H), 1.65 – 1.51 (m, 6H). 
 
                                                







P1-tBu(pyrr): The HBF4 salt was purified by recrystallization from ~ 6:1 EtOAc/hexanes (20 
mL) to afford the compound as white needles (1.58 g, 78%). HBF4 salt:42 1H 
NMR (500 MHz, CD3CN) δ 3.63 (d, J = 10.0 Hz, 1H), 3.20 (m, 12H), 1.90 
(m, 12H), 1.30 (d, J = 0.8 Hz, 9H). Free base: 1H NMR (500 MHz, CD3CN) δ 
3.08 (m, 12H), 1.74 (m, 12H), 1.15 (d, J = 1.1 Hz, 9H). 
P2-Et: The HBF4 salt was purified by mixing 0.5 mmol in t-BuOAc (1 mL), cooling to -78 °C 
for 10 minutes, filtering and washing with hexanes. From this isolation 
procedure, the yield was significantly lowered (not determined). HBF4 
salt:45 1H NMR (500 MHz, CD3CN) δ 3.32 (s, 1H), 2.87 (dp, J = 9.7, 
7.1 Hz, 2H), 2.65 (m, 30H), 1.12 (td, J = 7.2, 0.8 Hz, 3H). 1H NMR (500 MHz, d8-THF) δ 4.33 
(m, 1H), 2.90 (dp, J = 10.1, 7.0 Hz, 2H), 2.69 (d, J = 10.3 Hz, 30H), 1.15 (td, J = 7.2, 0.9 Hz, 
3H). 13C NMR (126 MHz, d8-THF) δ 37.2, 37.1, 36.7, 17.05 (d, JPC = 7.5 Hz). Free base: 1H 
NMR (500 MHz, CD3CN) δ 2.95 (dq, J = 17.6, 7.1 Hz, 2H), 2.63 (d, J = 10.1 Hz, 19H), 2.56 (d, 
J = 9.8 Hz, 13H), 0.98 (td, J = 7.1, 1.6 Hz, 3H). 1H NMR (500 MHz, d8-THF) δ 3.01 (dq, J = 
16.7, 7.0 Hz, 2H), 2.66 (d, J = 10.1 Hz, 18H), 2.60 (d, J = 9.6 Hz, 12H), 0.99 (td, J = 7.1, 2.0 Hz, 
3H). 13C NMR (126 MHz, d8-THF) δ 39.9, 38.5, 37.5 (d, JPC = 4.1 Hz), 22.3 (d, JPC = 23.1 Hz). 
Obtaining reference spectra of free bases of newly synthesized superbases 
In contrast to standards, new superbases were initially synthesized as their conjugate acid 
salts. To obtain reference spectra of fully deprotonated free bases in CD3CN, the conjugate acid 
salt (0.050 mmol, 1.0 equiv) was stirred with KOt-Bu (28 mg, 0.25 mmol, 5.0 equiv) in CD3CN 
(1 mL) for 30 minutes and quickly filtered into an NMR tube. The exception was the PC1 base, 
which precipitated from solution on deprotonation, so the isolated free base from the liberation 

















dissolved before obtaining the spectrum. 
For the GP2 and GC2 bases, a d8-THF stock solution of the conjugate acid salt (0.0667 M, 
0.60 mL, 0.040 mmol) was mixed with a d8-THF stock solution of P4-tBu phosphazene base 
(0.20 M, 0.25-0.35 mL, 0.050-0.070 mmol, 1.25-1.75 equiv)65 in a glove box. 
NMR data for free bases and conjugate acids of new superbases in CD3CN or d8-THF 
Only signals attributable to the title compounds are listed. 
G1 (172): HPF6 salt: 1H NMR (500 MHz, CD3CN) δ 5.76 (s, 1H), 3.15 (m, 2H), 2.90 (s, 12H), 
1.56 (m, 2H), 1.35 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H). Free base: 1H NMR (500 
MHz, CD3CN) δ 3.07 (t, J = 6.7 Hz, 1H), 2.69 (s, 3H), 2.56 (s, 3H), 1.41 (m, 
1H), 1.33 (m, 1H), 0.88 (t, J = 7.3 Hz, 1H). 
P1 (174): HBF4 salt: 1H NMR (500 MHz, CD3CN) δ 3.76 (m, 1H), 3.07 (q, J = 6.5 Hz, 12H), 
2.90 (dq, J = 8.7, 7.0 Hz, 2H), 1.67 – 1.47 (m, 20H), 1.36 (m, 2H), 0.94 (t, J 
= 7.4 Hz, 3H). Free base: 1H NMR (500 MHz, CD3CN) δ 3.02 – 2.91 (m, 
14H), 1.54 (m, 6H), 1.45 (quint, J = 5.6 Hz, 12H), 1.33 (m, 4H), 0.89 (t, J = 
7.2 Hz, 3H). 
C1 (173): HBF4 salt: 1H NMR (500 MHz, CD3CN) δ 5.74 (s, 1H), 3.84 (hept, J = 6.8 Hz, 4H), 
3.37 (q, J = 7.1 Hz, 2H), 1.58 (m, 2H), 1.38 (m, 2H), 1.26 (d, J = 6.9 Hz, 
25H), 0.94 (t, J = 7.4 Hz, 3H). Free base: 1H NMR (500 MHz, CD3CN) δ 
3.67 (hept, J = 6.7 Hz, 4H), 3.25 (t, J = 7.0 Hz, 2H), 1.44 – 1.32 (m, 4H), 1.21 (d, J = 6.8 Hz, 
24H), 0.90 (t, J = 7.2 Hz, 3H). 
 
                                                
(65) Solid P4-tBu phosphazene base to prepare the solution was obtained by concentrating a 
















G3 (163): HCl salt: 1H NMR (500 MHz, CD3CN) δ 7.10 (s, 1H), 3.25 (m, 2H), 2.85 (br s, 24H), 
1.56 (m, 2H), 1.35 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H). Free base: 1H NMR 
(500 MHz, CD3CN) δ 2.98 (t, J = 7.0 Hz, 2H), 2.71 (d, J = 8.4 Hz, 24H), 
1.44 (m, 2H), 1.36 (m, 2H), 0.90 (t, J = 7.3 Hz, 3H). 
PC1 (171): HBF4 salt: 1H NMR (500 MHz, CD3CN) δ 3.93 (hept, J = 6.8 Hz, 4H), 3.16 (m, 4H), 
3.06 (m, 4H), 2.99 (d, J = 11.5 Hz, 1H), 1.63 – 1.49 (m, 12H), 1.29 (d, J = 
6.8 Hz, 24H), 1.27 (s, 9H). Free base: 1H NMR (500 MHz, CD3CN) δ 4.07 
(br s, 4H), 3.13 (m, 8H), 1.54 – 1.36 (m, 12H), 1.25 (d, J = 6.7 Hz, 24H), 
1.09 (br s, 9H). 
CG2 (158): HBF4 salt: 1H NMR (500 MHz, CD3CN) δ 6.07 (s, 1H), 3.24 (m, 2H), 2.88 (s, 24H), 
1.59 (m, 2H), 1.36 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H). Free base: 1H 
NMR (500 MHz, CD3CN) δ 3.05 (t, J = 6.9 Hz, 2H), 2.83 (s, 12H), 
2.78 (s, 12H), 1.38 (m, 2H), 1.30 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H). 
CG2 (157): HBF4 salt: 1H NMR (500 MHz, CD3CN) δ 5.72 (t, J = 5.7 Hz, 1H), 3.86 (hept, J = 
6.8 Hz, 8H), 3.20 (m, 2H), 1.56 (m, 2H), 1.32 (m, 2H), 1.26 (d, J 
= 6.8 Hz, 48H), 0.90 (t, J = 7.4 Hz, 3H). Free base: 1H NMR (500 
MHz, CD3CN) δ 3.87 (d, J = 58.2 Hz, 8H), 3.09 (t, J = 6.9 Hz, 
2H), 1.36 (m, 2H), 1.31 (m, 2H), 1.24 (d, J = 6.8 Hz, 48H), 0.85 
(t, J = 7.3 Hz, 3H). 
PG3 (168): HBF4 salt: 1H NMR (500 MHz, d8-THF) δ 3.48 (dt, J = 11.4, 6.7 Hz, 1H), 2.88 (s, 
36H), 2.77 (m, 2H), 1.48 (m, 2H), 1.31 (m, 2H), 0.88 (t, J = 7.4 
Hz, 3H). 13C NMR (126 MHz, d8-THF) δ 161.6, 42.0, 40.5, 34.9 






































THF) δ 3.01 (dt, J = 16.9, 6.1 Hz, 2H), 2.80 (s overlapping with m, 40H), 0.84 (t, J = 7.1 Hz, 
3H). 13C NMR (126 MHz, d8-THF) δ 158.3, 47.1, 40.4, 40.1, 21.7, 15.0. 
GP2 (164): HBF4 salt: 1H NMR (500 MHz, d8-THF) δ 5.63 (m, 1H), 3.33 (m, 2H), 3.15 (br s, 
24H), 1.65 – 1.50 (m, 38H), 1.32 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H). 13C 
NMR (126 MHz, d8-THF) δ 159.2, 47.1, 43.9, 32.9, 27.2 (d, JPC = 5.4 
Hz), 21.1, 14.3. Free base: 1H NMR (500 MHz, d8-THF) δ 3.12 (m, 
26H), 1.56 – 1.42 (m, 36H), 0.86 (t, J = 7.0 Hz, 3H). 13C NMR (126 
MHz, d8-THF) δ 158.1, 50.7 (d, JPC = 6.0 Hz), 47.4 (d, JPC = 34.1 Hz), 
36.2, 27.7 (d, JPC = 5.5 Hz), 27.6 (d, JPC = 5.5 Hz), 26.2 (d, JPC = 5.6 Hz), 22.2, 15.0. 
GC2 (162): HBF4 salt: 1H NMR (500 MHz, d8-THF) δ 5.79 (t, J = 5.7 Hz, 1H), 4.00 (br s, 8H), 
3.31 (m, 2H), 1.60 (m, 2H), 1.29 (d overlapping with m, J = 6.9 Hz, 
48H and 2H), 0.89 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, d8-
THF) δ 162.2, 51.0, 43.4 33.0, 22.2, 21.2, 14.4. Free base: 1H NMR 
(500 MHz, d8-THF) δ 4.20 (quint, J = 6.8 Hz, 4H), 3.82 (quint, J = 6.7 Hz, 4H), 3.25 (t, J = 7.1 
Hz, 2H), 1.42 (m, 3H), 1.24 (d, J = 4.9 Hz, 24H), 1.23 (d, J = 4.9 Hz, 24H), 0.86 (t, J = 7.3 Hz, 
4H). 13C NMR (126 MHz, d8-THF) δ 166.6, 124.7, 124.6, 116.0, 115.4, 49.7, 49.4, 35.8, 22.7, 
22.6, 22.4, 22.1, 14.9. 
Results of pKBH+ measurements 
Procedure for data analysis 
The procedures described above were used to generate the following data. For each 
mixture of the indicated substrate and standard, each column represents the pKBH+ values 
estimated by the indicated NMR signal. Each row represents one experiment. The final pKBH+ is 






















the mean value predicted from all standard signals, to avoid giving greater weight to the 
compound with a greater number of usable signals. The uncertainty is estimated by the standard 
deviation of the entire data set. 
Representative NMR spectra for this section follow the standard spectra that support the 
synthetic procedures at the end of this document. Data for the conjugate acid and the free base of 
the standards are shown first, followed by the conjugate acid, the free base, and one 
representative pKBH+ experiment for all of the substrates studied. In the latter spectra, only the 
data used to obtain the tabulated results is labeled, including the integrations used to determine 
the ratio of substrate to standard. 
Literature values for the standards are as follows: DBU, pKBH+ = 24.34 (MeCN);59 P1-











signal A B  C D  
trial 1 24.6196 24.7719  24.9908 24.9410  
trial 2 24.6269 24.7779  24.9934 24.9443  
mean 24.6233 24.7749  24.9921 24.9427  
std. dev. 0.0051 0.0043  0.0019 0.0023  
 




signal A  B C D  
trial 1 27.8493  27.7916 27.7922 27.7940  
trial 2 27.8670  27.7788 27.7811 27.7799  
trial 3 27.8512  27.7860 27.7881 27.7886  
mean 27.8558  27.7855 27.7871 27.7875  
std. dev. 0.0097  0.0064 0.0056 0.0071  
 










































signal A B  C D E  
trial 1 27.5357 27.5978  27.5410 27.5508 27.5444  
trial 2 27.5405 27.6019  27.5354 27.5447 27.5397  
trial 3 27.5452 27.6112  27.5316 27.5384 27.5364  
mean 27.5404 27.6036  27.5360 27.5446 27.5401  
std. dev. 0.0047 0.0069  0.0047 0.0062 0.0040  
 




signal A  B C  
trial 1 29.4737  29.4119 29.5468  
trial 2 29.4738  29.4168 29.5516  
trial 3 29.4757  29.4121 29.5486  
mean 29.4744  29.4136 29.5490  
std. dev. 0.0011  0.0027 0.0024  
 


















































signal A B  C D E  
trial 1 31.7609 31.6827  31.6212 31.8937 31.7343  
trial 2 31.7034 31.6597  31.6708 31.9249 31.9758  
trial 3 31.7099 31.6136  31.6745 31.8899 31.9524  
mean 31.7247 31.6520  31.6555 31.9028 31.8875  
std. dev. 0.0315 0.0352  0.0297 0.0192 0.1332  
 




signal A  B C D  
trial 1 28.9064  28.9687 29.0148 28.9872  
trial 2 28.9009  28.9708 29.0194 28.9881  
trial 3 28.9056  28.9796 29.0251 28.9969  
mean 28.9043  28.9730 29.0198 28.9907  
std. dev. 0.0030  0.0057 0.0052 0.0053  
 






















































signal A  B C  
trial 1 31.6256  31.5346 31.5118  
trial 2 31.6305  31.5191 31.5089  
trial 3 31.6736  31.5205 31.4767  
mean 31.6432  31.5247 31.4991  
std. dev. 0.0264  0.0086 0.0195  
 


























Measurements in d8-THF (based on 1H and 13C NMR spectroscopy) 




signal A  B C D  
trial 1 26.3262  26.3607 26.3374 26.3186  
trial 2 26.3141  26.3589 26.3416 26.3217  
trial 3 26.3115  26.3661 26.3483 26.3268  
mean 26.3173  26.3619 26.3424 26.3224  
std. dev. 0.0079  0.0038 0.0055 0.0041  
 






signal A B C  D E  
trial 1 26.2949 26.3978 26.2432  26.3273 26.3433  
trial 2 26.2973 26.3124 26.2380  26.2196 26.2422  
trial 3 26.2849 26.3384 26.2578  26.2736 26.2914  
mean 26.2924 26.3495 26.2463  26.2735 26.2923  
std. dev. 0.0066 0.0437 0.0102  0.0539 0.0506  
 
Uncorrected for GP2:66 pK!"# = 26.3096  ± 0.0438  (THF)  
Corrected for GP2: pK! = 26.5092  ± 0.0438  (THF)  






























































signal A B  C D E  
trial 1 27.2319 27.5636  27.5424 27.5170 27.4738  
trial 2 27.2611 27.6037  27.5323 27.4817 27.4506  
trial 3 27.3125 27.5954  27.4727 27.4045 27.3811  
mean 27.2685 27.5875  27.5158 27.4678 27.4351  
std. dev. 0.0408 0.0212  0.0377 0.0576 0.0482  
 






signal A B  C D  
trial 1 27.3775 27.3610  27.2945 27.3738  
trial 2 27.5822 27.3217  26.7725 26.8336  
trial 3 27.5022 27.2834  26.8738 26.9344  
mean 27.4873 27.3220  26.9803 27.0473  
std. dev. 0.1032 0.0388  0.2768 0.2872  
 
Uncorrected for GC2:66 pK!"# = 27.3298  ± 0.2353  (THF)  
Corrected for GC2: pK! = 27.6558  ± 0.2353  (THF)  
Extrapolation for GC2: 𝐩𝐊𝐁𝐇! = 𝟑𝟓.𝟔  ± 𝟎.𝟑  (𝐌𝐞𝐂𝐍)  
  
                                                
(66) This is a convenient placeholder to illustrate our calculation procedure but has no 
physical meaning, as explained in the following section. That section also explains the 


















































Correction for measurements in d8-THF and extrapolation to MeCN 
In polar solvents such as acetonitrile, differences in pKBH+ values can be estimated 
directly from the relative concentrations of free base and conjugate acid of each component. 
However, in low-dielectric solvents such as THF, ion pairing is significant, and factoring this 
behavior into pKBH+ measurements gives a more meaningful estimate of basicity, and better 
correlations with other solvents.67 
Therefore, relative pKBH+ differences determined without such a correction are referred to 
as ion pair basicities, pKip. After correcting for the degree of ion pairing, which relates primarily 
to the size of the ions – larger ions tend to form closer contact pairs – the better estimate of 
basicity, termed the free ion basicity, pKα, is obtained. 
Since the pKα of the P2-Et phosphazene standard is known, we can estimate the pKα of the 
GP2 and GC2 bases using the ΔpKip, measured by NMR spectroscopy, and an estimate of the 
dissociation constants of the ions, Kd: 
 




Since ΔpKip and pKα,std are known, the last quantities required to determine pKα,sub are 
Kd,std•HA and Kd,sub•HA (note that before correction, the “uncorrected” basicity estimate we have 
labeled “pKip’” corresponds to pKip’ = pKα,std + ΔpKip, a physically meaningless quantity). A 
model for ion pair dissociation constants developed by Fuoss68 estimates that 
                                                
(67) (a) Abdur-Rashid, K.; Fong, T. P.; Greaves, B.; Gusev, D. G.; Hinman, J. G.; Landau, S. 
E.; Lough, A. J.; Morris, R. H. J. Am. Chem. Soc. 2000, 122, 9155. (b) Kaljurand, I.; 
Rodima, T.; Pihl, A.; Mäemets, V.; Leito, I.; Koppel, I. A.; Mishima, M. J. Org. Chem. 
2003, 68, 9988. 
















wherein e is the elementary charge, a is again the inter-ion distance, ϵ is the dielectric constant of 
the medium, k is the Boltzmann constant, and T is temperature.  
With one exception, all of these quantities are either constants, 
 𝑁 = 6.02214×  10!"  mol!!, (22) 




!  , (23) 
 𝑘 = 1.38065×  10!!"erg ∙ K!!  , (24) 
or are known, 
 𝜖 = 7.6  (for  THF)  , (25) 
 𝑇 = 300  K  , (26) 
so estimating the pKα of the GP2 and GC2 bases only requires an approximation for the inter-ion 
distances of the GP2•HBF4 and GC2•HBF4 ion pairs, as well as the P2-Et•HBF4 ion pair (the 
actual distances of interest are sums of the respective cationic radii of GP2H+, GC2H+, P2-EtH+, 
and the anionic radius of BF4-). It has previously been estimated by semi-empirical methods47 
that 
 𝑟!!!"#! = 4.8  Å  , (27) 
 𝑟!"!! = 2  Å  . (28) 
Finally, since we obtained crystal structures of GP2•HBF4 and GC2•HBF4, we analyzed 




 𝑉!"!!! = 600.385  Å
!  , (29) 
 𝑉!"!!! = 714.03  Å
!  , (30) 
which from the (admittedly crude) approximation of the ions as spheres, estimates that the 
cationic radii are 
 𝑟!"!!! = 5.233  Å  , (31) 
 𝑟!"!!! = 5.545  Å  , (32) 
and thus the inter-ion distances required are 
 𝑎!!!"∙!"#! = 6.8  Å  , (33) 
 𝑎!"!∙!"#! = 7.233  Å  , (34) 
 𝑎!"!∙!"#! = 7.545  Å  . (35) 
Substituting these estimates of a as well as the quantities given in equations (21)-(26), we 
obtain the approximations 
 𝐾!,!!!"∙!"#! = 2.667×10
!!  mol ∙ cm!!, (36) 
 𝐾!,!"!∙!"#! = 4.223×10
!!  mol ∙ cm!!, (37) 
 𝐾!,!"!∙!"#! = 4.223×10
!!  mol ∙ cm!!, (38) 










= 0.3260  , (40) 
meaning that 0.1996 and 0.3260 must be added respectively to the uncorrected “pKip’” values for 
GP2 and GC2 bases obtained directly from NMR data in order to estimate their pKα values. 




simply applied the more extensive correlation of 77 bases determined by Leito, Jahn, and 
coworkers57 that 
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